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A b s t r a c t
This study is concerned with the production of yttria-stabilised zirconia dip-coated layers on porous ceramic 
substrates. The important parameters involved in the deposition of a particulate layer of controlled thickness on 
a substrate and the maintenance of layer integrity during drying have been identified.
The porous ceramic substrate to be coated was a cell support for a Rolls Royce Integrated Planar-Solid Oxide 
Fuel Cell (IP-SOFC). In order to specify the requirements of the coating suspension and subsequent layer, it was 
necessary to characterize the substrate in terms of surface roughness, porosity, surface pore size distribution and 
defect structure. Thus a dipped green layer thickness of ~ 100 pm and suspension median particle size of -  3 pm 
were proposed for an ideal aqueous dip suspension. The use of a bimodal particle size distribution with a fine: 
coarse particle size ratio of -1:8 and a mass fraction ratio of 1:3 was also identified as potentially being 
beneficial to layer particle packing density.
Initial dipping experiments showed that multiple dipping and drying steps increased the level of cracking in 
layers. Drying orientation was important, with inversion of freshly dipped samples leading to uncontrollable 
layer thicknesses. This was through unabsorbed suspension draining back down over the freshly dipped layers, 
forming drip marks and resulting in an increased level of cracking in these regions.
Three series of aqueous suspensions of differing solids volume contents (20-40 vol%) were produced from two 
powders of differing particle size distribution ( nominal D50 particle sizes of 0.5 and 3 pm) to produce two 
single powder suspension series and one mixed powder suspension series. The suspension particle size 
distributions and viscosities were characterised prior to dipping. The majority of suspensions showed little or no 
agglomeration. All measurable suspensions were pseudoplastic. A reduction in solids content reduced 
suspension viscosity but not the level of pseudoplasticity. The level of pseudoplasticity was inversely related to 
the particle size. The mixed suspension, although showing intermediate behaviour, showed greater similarity in 
viscosity and level of pseudoplasticity to the 3 pm rather than the 0.5 pm powder suspensions.
Dipping using the three suspension series and different withdrawal velocities was carried out. Layer thicknesses 
and microstructures of the dip coated substrates were analysed. There was no discernible relationship between 
sample withdrawal velocity and layer thickness. The important suspension parameters identified for controlling 
layer thickness were viscosity and solids content, with 30 vol% suspensions producing —85-145 pm layer 
thicknesses. The 30 vol% mixed suspension gave crack-free layer thicknesses of -  85 pm with high levels of 
particle packing density, substrate surface planarization and few defects. This was the most suitable suspension 
of those studied and provides a basis for future research.
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N o m e n c l a t u r e
A Cross-sectional area
Dporc, Substrate/ Filter membrane surface pore diameter
Dparticle Mean suspension/ feed stream particle diameter(size)
DIO Particle diameter below which 10% of particle size distribution lies
D50 Mean particle diameter o f a distribution, Particle diameter below which 50% of
particle size distribution lies,
D90 Particle diameter below which 90% of particle size distribution lies
g  Acceleration due to gravity •
h Mean layer thickness
h0 Initial layer thickness
hc Critical layer thickness
H Distance travelled by particle during sedimentation
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C h a p t e r  1 
I n t r o d u c t i o n
1 .1  P r o je c t  B a c k g r o u n d
The recent drive to find and develop more environmentally friendly and energy efficient power 
generation technologies has lead to the development o f hydrogen fuel cell technologies as a potential 
solution. As a result o f this, several power generation machinery manufacturers are investigating the 
various technologies involved.
In the view o f Rolls Royce pic, Solid Oxide Fuel Cells (SOFCs) offer the greatest potential o f all 
hydrogen fuel cell technologies for economically profitable, energy efficient power plant. To this end, 
Rolls Royce Fuel Cell Systems (RRFCS) Ltd was formed to develop the Integrated Planar Solid Oxide 
Fuel Cell, or IP-SOFC, concept. Research has been carried out into the material and processing issues 
involved with producing the IP-SOFC economically, one o f which is the sealing and joining o f 
ceramic surfaces within the design.
The IP-SOFC is a planar SOFC design with the functional ceramic cell layers screen-printed onto a 
porous magnesia magnesium aluminate (MMA) cell support. The viability o f the IP-SOFC depends 
on efficient sealing o f the support areas not covered by the functional layers, in order to prevent fuel 
gas leakage. The screen-printing technology used at present is unable to apply ceramic sealant layers 
onto non-planar areas such as support edges. In order to do this, other techniques for ceramic layer 
application are being explored. The sealant layer must be compatible with cell manufacture, both 
through control o f layer thickness applied, heat treatment, similarity o f thermal expansion behaviour 
and electrochemical inertness relative to the functional layer materials. The latter two conditions must 
also continue throughout the operational life o f the IP-SOFC. This involves the layer tolerating both 
oxidising and reducing atmospheres at high temperatures o f -  900°C.
This project is part o f an investigation into sealing porous ceramic cell support surfaces within the 
design to prevent undesired fuel gas leakage. The technologies and materials available to produce such 
a layer and their viability within the IP-SOFC concept have been investigated with an emphasis on 
ease o f use, cost-effectiveness and manufacturing compatibility.
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From this initial assessment, dipping was selected as a suitable method and yttria-stabilised zirconia as 
the material to be used. The resulting aim of this project is then to investigate the parameters affecting 
controllable layer deposition o f yttria-stabilised zirconia suspensions onto porous substrates by 
dipping.
1 .2  T h e s i s  O u tlin e
After this introductory chapter, the literature is reviewed, beginning with an overview of fuel cell 
operation. This is followed by an introduction to solid oxide fuel cell technology, including materials 
and existing design variants. The IP-SOFC design is presented and the sealing and joining issues 
involved outlined. The production o f gastight ceramic sealant layers and the different methods and 
materials used to produce them are covered before an overview of dip coating modelling and the 
parameters important in forming a defect-free dried ceramic layer are presented.
Chapter 3 covers the manufacture, and characterisation o f the precursor powder and IP-SOFC support. 
This involves particle size distribution analysis (PSDA), powder morphological studies using scanning 
electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis o f the precursor powder. 
Following this, support characterisation using surface profilometry, mercury intrusion porosimetry, 
Archimedes porosity method, SEM and EDX analysis is presented.
Chapter 4 reviews literature on the production o f dip suspensions, followed by experimental work on 
selection and optimization o f an aqueous suspension dispersant. Chapter five covers the dipping 
studies carried out using aqueous suspensions o f different solids volume fraction and particle size 
distribution. This characterisation involves dip suspension PSDA, viscosity measurements and SEM 
analysis to identify the important suspension and support properties affecting layer thickness and 
integrity during application and drying. Chapter 6 presents the main conclusions o f the current work 
and suggestions for possible topics for future work.
2
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C h a p t e r  2  
L it e r a t u r e  R e v i e w  
2 . 1. In tr o d u c tio n
Research into fuel cells as energy conversion devices has developed over the last few decades and has 
involved many fields. The development o f the solid oxide fuel cell (SOFC) and the issues involved in 
producing a durable, cost-effective and scaleable technology are discussed. The role o f sealing and 
joining and the importance o f these issues in the RRFCSL IP-SOFC are outlined. Relevant 
technologies and materials that can be used to produce a dense gas-impermeable ceramic layer on a 
porous ceramic substrate, such as an IP-SOFC module are detailed. From these technologies, slurry 
dip-coating has been selected and research on this and similar processes is presented in order to 
identify the important substrate and slurry properties required for the successful application o f a 
ceramic layer.
2 .2 .  O v e r v i e w  o f  F u e l  C e ll O p e r a tio n
The operation o f a fuel cell is based on an electrochemical combination o f a fuel with an oxidant, 
producing electricity and heat. Fuel cells consist o f two electrodes (an anode and cathode) separated 
by an electrolyte. Fuel is supplied to the anode where it is oxidized, producing electrons that are 
released to an external circuit. Oxidant is supplied to the cathode where it is reduced, accepting the 
electrons from the external circuit. The electrolyte allows a flow o f ions between the two electrodes 
but does not permit electron conduction. The end effect is to produce direct current electricity. Any 
gas capable o f being electrochemically oxidized can be used as fuel in a fuel cell. Hydrogen is the 
most commonly used fuel for the reasons that it has high electrochemical reactivity and can be derived 
from common fuels. Oxygen is used as an oxidant, normally in the form o f air.
There are several varieties o f fuel cell technologies. These are classified by the nature o f the 
electrolyte. In general there are five categories o f fuel cell (FC). These are: Proton Exchange 
Membrane (PEMFC), Alkaline (AFC), Phosphoric Acid (PAFC), Molten Carbonate (MCFC) and 
Solid Oxide (SOFC) fuel cells. The electrolytes can be divided into two categories, those conducting 
cations/protons and those anions/oxide ions. Examples o f proton and oxide ion conducting electrolyte 
systems can be seen in Figures 2.1 and 2.2.
3
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Figure 2.1: Anionic conducting electrolyte 
(After Minh & Takahashi, 1995).
Figure 2.2: Proton conducting electrolyte 
(After Minh & Takahashi, 1995).
The electrochemistry behind the fuel cell can be demonstrated by using the combination o f hydrogen 
and oxygen as fuel and oxidant respectively. At the interface between an anode and a hydrogen-ion 
(proton)-conducting electrolyte, the hydrogen gas ionizes, splitting into electrons and protons (2 .1).
2H 2 - a  4 H + + 4e (2.1)
At the cathode, the oxygen reacts with the electrons to form oxide ions. These combine readily with 
the free protons to form water (2 .2 ). This can remain liquid but generally evaporates.
0 2 +4e~ + 4 H + —> 2  H 2Q (2.2)
If  the electrolyte is oxide ion conducting, the reactions take a different form and are in reverse. At the 
anode, there are oxide ions that combine with the hydrogen gas to produce water and electrons (2.3). 
These released electrons travel around the circuit to the cathode where they combine with the oxygen 
present at the cathode-electrolyte interface (2.4).
H 2+ 0 2~ ~^
0 2 + 4e ->  2 0 2-
(2.3)
(2.4)
2 .3 . S o lid  O x id e  F u e l  C e lls
2 .3 .1  In trod u ction  to  S o lid  O x id e  Fuel C e lls
Solid state or solid oxide fuel cells function at temperatures o f about lOOCTC, though there has been 
increased development o f intermediate temperature forms. They are solid state, utilizing a solid 
electrolyte that can be either oxide-ion- or proton-conducting depending on the material. The use of 
the former will produce water at the anode, while the latter will produce it at the cathode. The 
following sections will cover the components o f these systems before enlarging upon the variety of 
designs presently being developed. The final section will discuss the IP-SOFC design being 
developed by Rolls Royce pic.
4
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2.3.2 Functional Components
2 .3 .2 .1 . SO FC  Electrolytes
The development o f the SOFC is an indirect result o f Nernsfs discovery that zirconia is an oxide ion 
conductor under set conditions. The conditions under which the electrolyte must operate are quite 
harsh, being both oxidizing and reducing. The most stable forms o f oxide ion conducting ceramics are 
oxides such as yttria-stabilised zirconia (YSZ). Others, such as Bi20 3, C e0 2 and Ta20 5, have been 
investigated with varying success (e.g. Steele, 1994). In use as an electrolyte, zirconia has to be doped 
with other elements, as it will undergo phase transformations as it changes temperature resulting in 
volume changes that induce stresses that can compromise the integrity o f the cell.
When pure at room temperature, zirconia possesses a monoclinic structure, while above 1170°C, this 
changes to a tetragonal structure, which will then convert into a cubic structure above 2370°C. This 
cubic structure continues until the melting point o f  2680°C is reached. In order to avoid volume 
change due to the monoclinic to tetragonal phase transformation (and the inherent stresses induced in 
it and surrounding materials) and to give better mechanical strength, it is often doped with yttrium 
oxide. This stabilizes the tetragonal cubic phase down to room temperature. This also introduces 
additional oxide ion vacancies within the crystal structure, improving the ionic conductivity o f the 
material in its functional range above 800°C where it becomes sufficiently conducting for use as an 
electrolyte. This last temperature dictates the operating temperature o f the SOFC.
2 .3 .2 .2 . SO FC  A n o d e s
The anode used in SOFCs is often a zirconia cermet, a porous mixture o f ceramic and metal allowing 
conduction o f electrons and through-flow of gas. The zirconia prevents layer cracking, delamination 
and other similar thermal stress-induced performance-hampering phenomena and inhibits the sintering 
o f the metallic particles present, ensuring a large reaction surface area and high cell layer permeability.
2 .3 .2 .3 . SO FC  C ath od es
The cathode material used is complex, being either an electron-conducting oxide or a mixed electron- 
and ion-conducting ceramic (Larminie & Dicks, 2000). The most frequently used is strontium-doped 
lanthanum manganite (LaM n03) (Minh & Takahashi, 1995), though in lower temperature SOFCs 
(denoted as reduced temperature or intermediate temperature SOFCs) other perovskite mixed oxides 
such as lanthanum strontium ferrite and lanthanum strontium cobaltite are preferred. Anode and 
electrolyte sintering temperatures pose difficulties for cathode fabrication. Above 1400°C, manganese 
is a mobile species and can easily diffuse to the electrolyte and change its electrical characteristics 
(Yokokawa et al., 1991). La2Zr20 7 and other zirconate phases involving other dopants form above
5
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1200°C. The electrical conductivity and thermal expansions o f these phases are significantly smaller 
than that o f YSZ (Minh & Takahashi, 1995) degrading cell performance. As normal sintering 
temperatures o f zirconia are > 1200°C, the cathode is normally the last layer to be fabricated.
Another issue at the electrolyte/cathode interface concerns elements from other layers and the
substrate migrating and interfering with the performance o f the cell. This is important when 
considering glass-ceramic sealant materials.
2 .3 .2 .3 . SO FC  Interconnects
The interconnect provides the connection between individual fuel cells in the fuel stack. For planar 
models, this tends to be a bipolar plate but other methods are used for other geometries, such as those 
used in tubular designs. For these, electronically conducting ceramics such as lanthanum chromite 
(LaCrCb) are often used.
2 .3 .3 .  D e s ig n s  o f  S o lid  O x id e  Fuel C e lls
2 .3 .3 .1 . Introduction
There are a variety o f SOFC designs produced today, each at varying levels o f development. These 
can be grouped into one o f four stack configuration designs: seal-less tubular, segmented-cell-in-series, 
monolithic and planar. The difference between these designs varies in the amount o f dissipative losses 
within the cells, in the manner o f sealing between oxidant and fuel channels and in how the cell-to-cell 
connections are made. The challenges in fabricating and assembling these designs also vary in degree.
2 .3 .3 .2 . Tubular SO FC  D esign
The most common variant o f this design is that o f Siemens-Westinghouse (figure 2.3). This is the 
design that has been developed the most and has been demonstrated on the largest scale. As can be 
seen in the diagram, the oxidant is directed down an aluminium tube to the bottom of a closed end 
support, where it enters the cell. The oxidant then passes up within the support. Here it diffuses 
through the support and into the cathode. The remaining oxidant carries on up the tube and exits 
through the open end o f the tube. The fuel flows up around the outside o f the support tube and into the 
exit stream. Here any un-reacted fuel combusts with oxidant exiting from the support tube and 
exhausts. The present support is a CaO-stabilized Zv02. The surface o f the tube has the cathode, 
electrolyte, and anode and interconnect added by a series o f processes, either by sluny deposition and 
subsequent sintering or electro-vapour deposition (EVD) (Isenberg, 1981).
6
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Figure 2.3: Schematic diagram o f the Siemens- 
Westinghouse seal-less tubular SOFC design (After Larminie & Dicks, 2000).
2 .3 .3 .3 . S egm en ted -cell-in -series SO FC  D esign
The use o f segmented cells on a tubular support as shown in figure 2.4 allows a series o f cells to be 
combined. This improves efficiency by lowering resistance losses as a result o f long current paths. 
The first cell has a higher output voltage which, when combined with four or five cells in series, can 
produce about 10% more power than a single cell o f the same total active area (Minh, 1993). Greater 
numbers o f cells show diminishing benefit in fuel flow series. In similarity to the seal-less tubular 
design, the thick support tube restricts gas transport, thereby limiting cell performance. The need for 
gastight seals between the segments and at the ends o f the stack introduces the thermal expansion 
problems that are avoided in the seal-less tubular design.
Figure 2.4: Segmented Cell-in-series SOFC design (After Minh, 1993).
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2 .3 .3 .4 . M onolithic SO FC  D esign
Monolithic designs make use o f thin cell components structured in compact corrugated structures o f 
two variants, co-flow or cross-flow. In both variants, the ceramics are o f a multilayer nature, 
composed o f three cell components. These are anode/electrolyte/cathode and
anode/interconnect/cathode respectively. With the co-flow design shown in figure 2.5(a), fuel and
oxidant flow parallel to each other in neighbouring channels formed by flat
anode/interconnect/cathode and corrugated anode/electrolyte/cathode laminates. In the cross-flow 
variant shown in figure 2.5 (b), the corrugated laminates are alternating cathode or anode layers 
separated by alternating anode/electrolyte/cathode and anode/interconnect/cathode layers. The
corrugated layers are oriented at right angles to each other. The resulting differences between these 
differing designs lie with power density and gas manifolding.
C O  F L O W . -\ C  R O  S  S  F LO  W
ttSfr
l \\ t CO-**' J. v t
^§#>3 if -+-Y*
7  N/l r'"<<
• NOOC W'Rs>-.'"' •"i'
A j - x  , . A '
Figure 2.5: Monolithic SOFC designs (a) co-flow and (b) cross-flow variants (After Minh, 1993).
2 .3 .3 .5 . Planar SO FC  D esign
The planar, or flat plate, SOFC design as shown in figure 2.6 uses the interconnect to provide the gas 
channels needed to transport the fuel and oxidant to the anode and cathodes. In doing this, it acts as a 
bipolar gas separator connecting the anode o f one cell with the cathode o f another. The resulting in­
plane conduction produces internal resistance losses that are independent o f cell area, enabling the use 
o f very thin layers to minimize these losses. The design allows a variety o f ways to feed gases into 
and out o f the fuel cell and offers simpler fabrication through the independent fabrications o f the 
electrolyte and the interconnect. This further allows individual component inspection, resulting in 
better quality control.
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Figure 2.6: Flat plate SOFC design (After Minh & Takahashi, 1995).
The disadvantages o f the design are the seals required at the edges o f the plates. The use o f glass- 
ceramics, cements and compressive seals have been proposed but each pose their own problems: 
glass-ceramics and cements reacting with the cell materials (cathodes in particular), and compressive 
seals leading to cracking o f the layers. The high tolerances required in construction can lead to 
intolerable stress levels in tall stacks, thereby limiting the height. The development o f intermediate 
temperature SOFCs (IT-SOFCs) has been one approach aimed at combating these issues.
2 .3 .3 .6 . Integrated Planar Solid Oxide Fuel Cell (IP-SOFC)
The drive for development o f commercially viable SOFCs has led Rolls Royce pic. to develop a novel 
variant o f SOFC design. This utilizes the benefits o f both planar and tubular concepts. The basic 
building blocks o f this design are extruded porous support tubes, which support the active layers 
(anode, cathode and electrolyte). These modules are rectangular with internal fuel channels and are 
made out o f magnesium magnesia aluminate (MMA). This is manufactured by reacting magnesium 
oxide with alumina to produce magnesium aluminate spinel, with excess magnesium oxide remaining. 
The phase compositions formed from this reaction are shown in the binary phase diagram in figure 2.7. 
The particular reason for the use o f MMA in the IP-SOFC design is that its coefficient o f thermal 
expansion (CTE) can be altered to match that o f the zirconia electrolyte. The CTE of spinel (and 
alumina) is significantly lower than YSZ, while magnesia has a significantly higher CTE than YSZ. 
Both are given in table 2.1. A two phase composition o f the two produces a final bulk CTE 
proportional to compositional mix. Other properties such as Young’s modulus and thermal 
conductivity also follow this relationship (e.g. Cooper & Hodson, 1982, Aksel et al., 2003).
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Table 2.1: Coefficients of thermal expansion (CTEs) of module materials 
(After Callister, 1994, Copper & Hodgson, 1982).
Material Average CTE / xlO'Tc1 (RT-1000°C)
8 mol% YSZ electrolyte 10.8
NiO/YSZ Anode 12.5
LSM Cathode 12.5
Magnesia, MgO 13.9
Alumina, A120 3 8.8
MgAl20 4 7.6
70%MgO: 30%Al2O3 MMA* 9.3
75% MgO: 25% A120 3 MMA* 10.4
MMA support 10.1
^percentages given are by mass.
Figure 2.7: The MgO- A120 3 binary phase diagram (After Bhaduri et al., 1999).
The green MMA supports are fired so that they sinter to form a porous microstructure. On both flat 
support surfaces the active layers are screen-printed to form an arrangement o f cells connected in 
series shown schematically in figure 2.8. The electrolyte provides a gastight seal over the anode and 
current collector layers, leaving inactive areas uncovered as shown in figure 2.9. The firing 
temperatures o f all these layers are lower that that o f the MMA substrate, which is fired at 1550°C.
10
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Figure 2.8: The Integrated Planar Solid 
Oxide Fuel Cell (IP-SOFC) concept.
areas
Figure 2.9: Schematic diagram o f IP-SOFC module -  3d 
representation o f active and inactive areas.
The completed module is then joined by connector plates o f impermeable, dense MMA. This 
assembly is joined to other modules, stacking together to build up a seipentine effect until ten modules 
are combined to make a bundle. This forms the stack component o f the IP-SOFC concept. Bundles 
are attached to manifolds that group a series o f bundles together to make a strip. These strips are 
combined into stack blocks forming a final product.
2 .4 .  S e a lin g  a n d  J o in in g  I s s u e s  in th e  IP -S O F C
The IP-SOFC is a high temperature SOFC with an operating temperature o f ~900°C. This temperature 
and the design preclude both the use o f compressive seals and o f metallic components such as stainless 
steels and other alloys. The exposed inactive (non-cell) areas on the porous MMA substrate require the 
application o f a sealant layer that tolerates the oxidizing and reducing conditions experienced by the 
IP-SOFC module whilst also being thermally and mechanically compatible with MMA and cell 
components. It must be electrochemically inert and devoid o f active ion species that may degrade cell 
layer operation. The sole function o f the layer is sealing so ionic species diffusion into it is 
unimportant, providing sealing integrity is not compromised. Consequently, the application method of 
this layer must conform to the intricate geometry o f the IP-SOFC module and ideally to that o f the 
bundle as well, whilst also being scaleable and cost-effective in terms o f mass-manufacture.
Inactive
Chapter 2: Literature Review
2 .5 . G a s tig h t  C e r a m ic  S e a la n t L a y e r s
2 .5 .1 .  M ateria ls
2 .5 .1 .1 . G la ss-cera m ics
Glass-ceramics are polycrystalline solids prepared by controlled crystallization, or devitrification, o f a 
parent glass, possessing a hybrid amorphous/crystalline structure. The vast majority o f glass-ceramics 
contain the oxides o f silicon or boron. Glass-ceramics are favoured for most SOFC sealing systems 
for the ease, economy and precision o f forming operations and the flexibility in adapting the 
microstructure to fulfill certain properties (Ley et al., 1996). Their CTEs are adjustable over a wide 
range through element composition and degree o f crystallization as shown in figure 2.10. One 
challenge with glass-ceramics is that as the glass temperature, Tg, and melting point are raised, the 
corresponding CTE value for the material drops (Ley et a l,  1996).
 T ,------------------,------------------i-----------------
ZnO-SiOi-AliOj
CaO-SiO,-AK03
MgO-SiOi-AljOj Stainless
LiO-SiOi-AljOj steels
Nickel-based alloys o ♦ »
Tungsten
I 1 i   Zl
I I
--------1--------1_____ i_____ i_____
0 4 S 12 16 20
Coefficient of Thermal Expansion, x 10 'fl K '1
Figure 2.10: Comparison of various glass ceramic systems against alloys (After Hanson et al, 1993).
The different elements present within the glass-ceramic perform different functions. Network formers 
such as silicon dioxide (SKL) form the bulk o f glass structures. Network modifiers such as sodium 
and potassium alter this structure, restricting crystallization and lowering properties such as the 
melting and glass transition temperatures (Ley et a l,  1996). The mobility o f these elements has been 
shown to interfere with SOFC cell components, particularly with cathode layer materials such as LSM 
(Jiang et a l,  2001), calcium-doped lanthanum chromite (LaC r03) (Horita et a l, 1995) and lanthanum 
cobaltite (L aC o03) (Faaland et a l,  2001). Similar reactions have been observed Ljthe anode layer 
with Ni-YSZ cermets (e.g. Larsen & James, 1998, Ley et a l, 1996).
Mobile silica is also an undesired impurity within zirconia, forming insulating amorphous phases on 
the zirconia grain boundaries and reducing the ionic conductivity o f the electrolyte and thus cell
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performance (Uchikoshi et al. , 1999). The mobility o f the silicon within and out o f a glass-ceramic 
layer is related to the level o f crystallization o f the material. This crystallization also affects the level 
o f gas permeation through the layer (Lapp & Shelby, 1996). Therefore, a high level o f crystallization 
is required for gas-impermeability. Glass-ceramics can act as both sealants and bonding layers 
between ceramic and metallic SOFC components, but degradation within the seal due to thermal 
expansion stresses during thermal cycling often leads loss o f layer integrity and sealing efficiency 
(Ley et al., 1996).
Glass-ceramic research for SOFC application has concentrated on the aluminosilicates which form a 
large family with CTEs ranging from <1 xlO '6 to ~19 x l0  6IC‘, The predominant compositional 
groups investigated have been barium aluminosilicate (BAS) (e.g. Eichler et a l,  1999, Lahl et a l, 
2002, Sohn et a l, 2004 ), calcium aluminosilicate (CAS) (e.g. Zheng et al., 2004, Lahl et a l,  2002), 
and magnesium aluminosilicate (MAS) (Lahl et a l, 2002).
With glaze coatings involving glass and glass-ceramics, the propensity towards cracking is mitigated 
by the viscous flow of the glass during firing, removing pores and defects that might act as stress 
concentrators. For refractory oxides, no such flow behaviour occurs.
2 .5 .1 .2  Refractory O xides
To avoid the complexities involved with glass-ceramics, the use o f refractory oxide sealant layers is 
attractive owing to their relative chemical inertness and simple chemical composition. Literature on 
MMA is relatively sparse and no published work exists on colloidal/powder processing and 
suspension production using it. In addition, dispersed spinel powder suspensions have also been 
shown to have poor colloidal stability (Greenwood et a l, 1998). A zirconia sealant layer offers 
considerable advantages o f thermal and chemical compatibility combined with maturity o f technology 
and cost. For these reasons, it was selected as the material to investigate.
2 .5 .2 . P ro d u ctio n  M e th o d s
2 .5 .2 .1 . O verview
There is a wide range o f methods for producing dense refractory oxide layers and these have been 
reviewed by several authors (e.g. McColm et al., 1988, Reed, 1995, Will, 2000, Lewis, 2000, Tietz et 
a l, 2002). They can be broken down into three major groupings o f chemical, physical and ceramic 
powder processing methods.
The chemical methods o f chemical vapour deposition (CVD) and electrochemical vapour deposition 
(ECVD) are effective in producing dense zirconia layers but are capital-intensive methods requiring
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expensive equipment. They also tend to be uneconomic for mass manufacture in comparison to other 
methods. Physical deposition methods o f thermal spray technology such as flame spraying, (FS), high 
velocity oxyfuel spraying (HVOF) and detonation flame spraying (DFS) are more economic, but the 
thermal shock and high impact stresses make the methods unsuitable for the porous IP-SOFC support. 
Methods that generate lower thermal stresses such as plasma spraying (vacuum (VPS), low pressure 
(LPPS) and atmospheric (APS)) have been successful in applying dense zirconia electrolyte layers 
(e.g.Tsukuda et a l , 2000, Scagliotti et a l, 1988), but high capital costs also make these methods less 
attractive.
Powder processing methods are predominant in ceramic monolith and layer production for reasons of 
low capital, material and labour costs. Thick film techniques o f tapecasting, screen-printing, slip 
casting and filter pressing predominate but are generally unsuitable for the complex geometry o f the 
IP-SOFC design. Screen-printing is used for application o f active cell layers onto the planar IP-SOFC 
support surface (but not support edges) and produces, dense zirconia electrolyte layers o f the order of 
10-20 pm thickness (e.g. Cassidy et. a l,  1996, Gardner et a l, 2000).
Slurry coating has been used to produce dense zirconia electrolytes (e.g Eguchi et a l,  1992, 
Yamaguchi et a l,  1993, Song et a l, 1999, Kim et a l,  2003). This work is discussed further in section
2.6.4. Material, process and capital costs for this process are comparatively low. Slurry spray coating 
possesses similar advantages but requires more capital equipment. The flexibility o f the dip slurry 
coating process and its apparent suitability to the IP-SOFC geometry favours its use in zirconia sealant 
layer application. Hence, slurry coating was selected as the production method to investigate and is 
described in detail in the following section.
2 .5 .2 .2 . Slurry Dip-coating
Slurry dip-coating is a common cost-effective industrial process used widely in the whiteware industry 
for applications such as sanitary ware and kitchenware glaze coating. A slurry is defined as a high 
solids content suspension o f solid particles in a dispersing liquid, with a median (D50) particle size 
that is generally larger than 1pm in diameter. A suspension with a D50 particle size between 1 nm and 
1 pm can be regarded as a colloidal sol. All dipped gastight zirconia layers reported so far have 
involved application o f sols with low solids content. Commercial considerations have limited the 
detail covered in several cases (e.g. Arai et a l, 1991, Song et a l, 1999), while others have presented 
more data (e.g. Kim & Lin, 1998 & 1999, Xia et a l,  2000).
Almost all slurry development carried out so far in industry has been iterative, application-driven and 
“proprietary”, that is developed for a particular process with set materials. Intellectual property rights 
play little part in this, rather that theory development on both colloidal filtration and film coating, the
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mass transport mechanisms involved, lags behind coating practice and experience (e.g. Bonekamp, 
1996 & 2000).
Refractory oxide slurry and sol coating is predominately employed in the production o f ceramic 
micro- and ultrafiltration membranes. Asymmetric membranes are produced using either single or 
multiple suspensions o f micrometer- to nanometre-scale sols (e.g. Leenaars et al., 1985, Keizer et al., 
1995, Defriend et a l , 1995, Chou et al., 1999, Luyten et al., 1997, Lindqvist et a l,  1997, Bonekamp, 
1996 & 2000, Agrafiotis et a l,  1999 & 2000a-c). The quality o f the initial ceramic support surfaces is 
variable with unavoidable local surface pore heterogeneities. To reduce these variations sufficiently, 
multiple slurries o f differing particle size distribution (PSD) and viscosity are applied. The resulting 
homogenization/planarization o f the surface allows final layers (thickness -5 -20  pm, mean pore 
diameter <1 pm for ultrafiltration membranes) to be produced. The thinness o f these layers is 
important to balance high permeability with minimum, pore diameter attainable. The comparable 
applied membrane and support permeabilities contrast with the gastight sealant layer intended for this 
investigation, but the mass transfer mechanics involved are the same. A schematic diagram of an 
asymmetric membrane is shown in figure 2.11 below.
reverse osm osis/gas separation 
ultrafiltration layer 
m icrofiltration layer
substrate
Figure 2.11: Schematic drawing of a multilayer inorganic asymmetric membrane 
(After Keizer et al., 1995).
The materials used in micro- and ultrafiltration membranes are chosen for structural and not 
electrochemical reasons, therefore alumina and titania predominate. For YSZ, what literature exists 
for dip coated layers is sparse and contains little data. Literature exists for unstabilized zirconia but 
none in comparable detail to that o f alumina and titania. For this reason, most studies quoted refer to 
alumina and/or titania.
2 . 6. D ip -c o a  t M o d e llin g
2 .6 .1 .  In trod u ction
An understanding o f the physical mechanisms occurring during slurry coat dipping is necessary for 
control o f deposited layer thickness. Layer deposition by dipping consists o f two mass transport 
mechanisms, one onto a dynamic porous/non-porous substrate and one into/onto a static porous 
substrate. The first is denoted as film coating, the result o f layer/film deposition purely through the
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action o f withdrawing a substrate from a liquid. The second is denoted as colloidal filtration and 
derives from slip-casting and pressure filtration studies o f mass transport into the porous substrate and 
takes into account the effect o f substrate pore properties.
2 .6 .2 .  Film  C o a tin g
Initial theoretical studies o f liquid film coating onto a substrate were by Jeffreys (1930) in which an 
ideal non-porous solid was vertically withdrawn from a perfectly wetting ideal liquid with zero surface 
tension. Later studies investigated the reduction o f film thickness through surface tension on film 
coating o f an ideal solid during continuous vertical withdrawal from a quiescent Newtonian liquid 
(Landau & Levich, 1942). This resulted in the following equation:
h  =
rj
v
\ P g
w f
m v
\ y  J whereh X  r
=  N .
(2.5)
Instantaneous film deposition, h0, is the first term of equation 2.5, while the second term is a function 
of the capillary number Nca, and describes the reduction in film thickness through surface tension. For 
low capillary number (Nca < 0.01), equation 2.6 describes film thickness:
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where h is the thickness o f the film produced, r| is the dynamic viscosity o f the liquid, uw is the 
velocity o f the liquid next to the substrate (equivalent to the withdrawal velocity o f the substrate), p is 
the density o f the fluid, g is the force exerted by gravity on the film and y is the surface tension o f the 
fluid. This relationship was confirmed by experimental work over a wide range o f withdrawal 
velocities. For high N ca values (> 1), the N ca function tends to unity (Levich, 1962). Equation (2.6) is 
widely used in industry for sol-gel coatings on a variety o f dense substrates. Later work has shown for 
Nca > 0.01, the thickness o f the coating film differs from that predicted by (2.5). In this case, if  the 
plate is finite in height, the entrained film will develop a parabolic drainage profile over time as the 
fluid drains down the plate as shown in figure 2.12 (Van Rossum, 1958).
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Figure 2.12: Schematic diagram showing development of drainage profile within a viscous film coating (After
Van Rossum, 1958).
Final mean film thickness, h, over the coated surface is described by equation 2.7:
1
\
V
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2 (  r, \2
u
KPS
w
J (2.7)
The parabolic film profile develops where inertial behaviour in the film (expressed as dynamic 
viscosity) acts to oppose the effect o f surface tension in reducing film thickness (negligible when Nca < 
0 .01). For suspensions with high dynamic viscosity (Nca »  0 .0 1 ), the parabolic drainage profile 
becomes more pronounced and inertial behaviour dominates (e.g. Riley et a l,  1993, Ruschak, 1985).
In (2.7), the constant 2/3 replaces the Nca function in (2.5). Experimentally, Van Rossum measured a 
maximum mean film thickness ratio o f h/ho=0.68, while Ruschak (1985) reported that several authors 
had obtained similar values. Empirical relationships exist describing film thicknesses produced for 
medium and high capillary numbers (e.g. Tallmadge, 1971, Riley et a l,  1993). For practical puiposes, 
finite element methods are preferred for calculating film thickness, h, and remove the restrictions 
imposed by high capillary numbers. This applies equally to non-planar geometries such as radii of 
curvature, for which no general equations exist (Ruschak, 1985). A schematic summary o f the 
important parameters affecting film coating is given in figure 2,13 below:
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Important parameters 
Suspension
• Viscosity
• Yield stress
• Density
• Surface tension 
Support
• Porosity
• Surface roughness
Tube
Figure 2.13: Schematic summary o f principal and important parameters for control o f suspension film coating
(After Bonekamp, 1996).
Film coating thicknesses are controlled to a greater degree by liquid/suspension viscosity, withdrawal 
velocity and suspension density than by support properties. Increased viscosity suspensions accentuate 
these factors, but also introduce non-Newtonian flow behaviour, leading to overestimation o f layer 
thickness during calculations. Support surface features can reduce coating/support interface area, 
reducing layer adhesion. To mitigate this, surface feature infiltration can be promoted by colloidal 
filtration.
2 .6 .3 .  C o llo id a l Filtration
During the static stage o f dipping, the IP-SOFC support presents a porous surface to the dip 
suspension, identical to the slip/mould interface studied in slip-casting and pressure filtration. The 
dispersing liquid is drawn away through the capillary action within the substrate. The suspension is 
“dewatered” and a dense layer o f ceramic particles is formed or consolidated onto the wall o f the 
substrate. This process o f particle deposition from the dispersing fluid is a colloidal filtration process, 
the consolidated layer analogous to “cake formation” and “fouling” found in and on filter membranes 
(Adcock & McDowall, 1957). Schematically, the important parameters affecting capillary colloidal 
filtration in dip-coating are shown in figure 2.14 below:
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(coating)
Important parameters 
Suspension
• Volume fraction solids
• Agglomerate size distribution 
(time dependent)
• Viscosity o f continuous (liquid) phase 
Support
• Porosity
• Pore size distribution
Figure 2.14: Schematic summary o f  principal and important parameters in capillary colloidal filtration
during dip-coating (After Bonekamp, 1996).
Mass transfer occurs through bulk flow of the suspension dispersing fluid into the substrate, depositing 
the suspended particles at the suspension/mould interface or within the porous substrate. Two basic 
mass transport mechanisms are occurring. Firstly, the suspension dispersing fluid moves into the 
substrate/mould (and as it develops, the deposited layer). Secondly, the suspension particles transport 
onto/into the substrate/mould (and later, the deposited layer).
If the transport o f the dispersing fluid into the substrate can be assumed to be uniform (and the 
substrate pore structure like so), the fundamental mass transport relationships are described by 
D’Arcy’s equation, the Poseuille equation and the Laplace equation. Firstly, D ’Arcy’s equation is:
K M A P
Q  =
D'
L (2.8)
where Q is the uniaxial volume flow rate o f fluid through a porous medium o f thickness L and a flow 
cross-sectional area o f A over which a pressure drop AP exists. KD is the D’Arcy coefficient o f 
permeability so to normalize for the viscosity o f a fluid, ij, (2 .8) is normally rewritten as:
K A A P
Q = rjL (2.9)
where Kp is the coefficient o f specific permeability. For a given porous medium, this is generally 
described by a form o f the Carman equation (Carman, 1938).
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where s is porosity o f the medium, Ss is the surface area per unit volume solids and K0Kx is the 
tortuosity. For most media, KoKx is approximated to a bundle o f parallel uniform cylindrical 
capillaries and given as about 5. To relate laminar fluid flow through a porous medium to 
pore/capillary size, the Iiagen-Poseuille equation is used:
-  A  P R 2c
U =  —
(2.11)
where u is the average laminar flow velocity o f a column of liquid o f length L and viscosity r\ in a 
horizontal cylindrical capillary o f radius Rc across a pressure drop, AP. AP can be the result o f an 
applied pressure drop over the capillary length and/or pressure induced by the surface tension o f the 
fluid within the capillary. The latter is referred to as capillary pressure and is given by the Laplace 
equation:
2 / COS 0
A P  =
R  (2.12)
where APC is the capillary pressure on the liquid, y is the surface tension o f the dispersing liquid in the 
pore, 0 is the contact angle between the liquid and the solid surface o f the support, normally assumed 
to be zero, and R is the radius o f the capillary/pore, assumed to be circular. This pore shape 
approximation simplifies permeability calculations. The above equations have formed the basis o f all 
slip-casting model development.
The driving force behind layer growth by colloidal filtration is the pressure drop, AP, across the cake 
layer and the substrate/mould and shown schematically in figure 2.15. This pressure drop is a function 
o f both mould capillary pressure and any externally applied pressure across mould and layer (Adcock 
& McDowall, 1957). The latter was shown to significantly accelerate layer growth through 
application o f vacuums on slip cast moulds (Kocatopcu, 1946).
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Wet membrane
Figure 2.15: Schematic diagram showing pressure drop distribution across membrane and substrate during 
membrane (cake) formation from a suspension (After Gu &  Meng, 1999).
Layer build up by pore clogging (fouling) precedes cake formation if surface pore diameter (Dpore) 
exceeds particle diameter (Dparticie), allowing particle transport into the porous substrate. Particle 
deposition within the substrate is influenced by suspension flow rate into substrate, particle 
concentration (Tarleton & Wakeman, 1993), surface charges, nano-scale surface heterogeneities and 
intermolecular attractive London/Van der Waals forces between particles and substrate (e.g. Burganos, 
1993, Walz, 1998, Van der Ven, 1998). O f these, suspension flow rate and suspension particle volume 
fraction are most significant (Tarleton & Wakeman, 1993). Particles adhere preferentially at flow 
constrictions, i.e. pore necks. Surface pore size is reduced through particle accumulation until reduced 
to less than average particle diameter (Dpore < Dparticie) (e.g. Elimelech, 1997, Pandya et a l , 1998).
At this point, layer build up follows the cake formation model producing a layer distinct from the 
substrate/mould. The layer permeability, particle volume fraction and structure formed are 
characteristic o f the suspension particle/agglomerate shape and packing density (e.g. Bonekamp, 1996). 
For non-agglomerated ceramic particles, layers can be regarded as incompressible (e.g. Aksay & 
Schilling, 1984, Tiller et a l,  1987, Kawakatsu et a l,  1993). A summary o f the particle:pore 
dimension ratio and resulting particle deposition is shown schematically below (figure 2.16):
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Figure 2.16: Schematic representation o f layer deposition type considering particle:pore size ratio (d=Dpartic|e, dp 
“  Dpore). Case A , particles plug smaller pores and narrow larger ones. Case B, particles plug narrow pores, Case 
C, particles form a layer on the membrane (After Bonekamp, 1996).
In cake layer formation where Dparticie»Dpore, only dispersing liquid transport into the substrate occurs. 
Surface pore dimension is the most significant support surface property affecting this and the resulting 
layer growth (e.g. Tiller & Tsai, 1986, Tiller & Hsyung, 1991, Gu & Meng, 1999). If particle size is 
significantly less than surface pore dimension, the parameters affecting particle deposition and layer 
growth multiply. Accurate calculation o f the resulting layer growth rate then depends on a detailed 
knowledge o f substrate pore structure combined with an understanding o f the suspension flow through 
the constricted dimensions o f the pores, more accurate determination o f the particle/pore size ratio, 
volume flow rates and Critical Particle Concentration (CPC) or critical particle volume fraction needed 
to induce the pore clogging required for layer build up. Experimental determination o f these 
parameters is required as modelling often underpredicts this behaviour, resulting in higher than 
observed CPC values (e.g. Pandya et al., 1998, Seminario, 2002). The relation between pressure drop, 
layer growth, surface pore diameter (Dp0re) and particle size (DpartjC]e) over a set time period is described 
schematically by figure 2.17.
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Figure 2.17: Schematic diagram o f pore clogging (fouling) and cake formation with incompressible 
particles against pressure drop (After Kawakatsu, et al., 1993).
The analysis o f dipping from a colloidal filtration viewpoint was first considered by Leenaars et al. 
(1985). 0.72 and 1.22 mol/litre boehmite (7-AIOOH) sols were coated onto porous a-AbOa discs with 
differing porosities o f 46, 45 and 60% (modal pore sizes: 0.12 /im, 0.34 /on and 0.8 /mi, respectively). 
Pressure drop was assumed to be due to capillary pressure. Observed layer thickness, Lm, was 
proportional to the square root o f dipping time, as shown in figure 2.18, and to boehmite concentration. 
This correlated with derived model predictions. There was recognition o f film coating occurring, 
signified by the intercept value o f 0.8  /im on the y axis in figure 2.18, but rapid initial layer deposition 
was not identified.
♦ 0.72 mole/l 
■ 1.22 mote/I
— Linear (1.22 mote/L)
— linear (0.72 mote Ii)
1.50 2.00
vOipping time/ *0.5
y*2.7641x +0 6386 
R* * 0.9826
y » 22468x ♦ 0.5864 
R* * 0.9723
Figure 2.18: Graph showing boehmite membrane thickness against square root o f dipping time for 
type 2 supports (60% porosity, modal pore size 0.34/im a-AhCb discs) (After Leenaars et al., 1985).
Similar model derivations o f Lm have been produced by other authors (e.g. Tiller & Tsai, 1986, Aksay 
& Schilling, 1984, Bonekamp, 1996, Levanen et a l,  2000), and the general form is given as:
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where the capillary pressure component, APC, o f the total pressure drop, AP, is described by the 
Laplace equation (2.12), r|dl is the dispersing liquid (or suspension liquid phase) dynamic viscosity, cpm 
is the wet membrane/layer particle volume fraction and <p0 is suspension particle or solids volume 
fraction. Km is the wet membrane/layer specific permeability, Ks is the substrate specific permeability, 
es is substrate porosity and t is the immersion time. The magnitude and duration o f APC depends on the 
substrate properties o f surface pore dimensions, porosity, tortuosity and substrate thickness. Chang et 
a l (2004) showed, through integration o f the Laplace equation and applied pressure into the Hagen- 
Poseuille equation, that substrate thickness directly affects the time taken to saturate the substrate, t0 , 
and therefore the duration o f capillary pressure (2.14):
%VdlE
2 s jR  +  APnR 2
s/ p (2.14)
where L is the thickness o f the substrate, y is fluid surface tension, R  is the median pore radius (often 
taken to be at the surface) and APp is the applied pressure. Chang et a l also attempted to include 
applied pressure and film coating to describe the dipping process more fully, assuming substrate 
permeability to have a negligible effect.
Two equations were derived to predict layer thickness prior to and following substrate saturation, 
which was assumed to affect layer growth rate. However there were inconsistencies in their model, not 
least the inclusion o f capillary pressure effects into film-coating, which other authors have discounted 
(e.g. Bonekamp, 1996). A more accurate model including (2.6), applied pressure and (2.13) gives two 
equations, one for pre-substrate saturation and the other for post-substrate saturation:
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Pre-substrate saturation
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Issues exist with cpm and Kni values being hard to verify, as they are restricted by the inability to 
measure such wet membrane properties directly. Ultrasonic monitoring o f cake structure during slip- 
casting has been suggested as a solution to this (Haerle et a l , 1995) but for a dipped substrate, such an 
approach may be impractical For practical purposes, cpm is estimated as being 0.4 -0.5, (Gu & Meng, 
1999) but depends on particle size distribution and packing density.
Equations 2.15 and 2.16 describe the entire behaviour o f the dipping process onto a planar symmetric 
substrate for DparliCie > Dpore and a low Nca (< 0.01). I f  Nca is significantly greater than this, the film 
coating component within the equations will tend towards (2.7) not (2.6). This can apply to dense and 
porous substrates, requiring only the calculation o f t0 for the latter case. For asymmetric membranes, 
the treatment o f substrate permeability incorporating intermediate membrane layers and capillary 
pressure-driven layer deposition has been considered by Levanen et a l (2000).
It was recognized that substrate saturation o f convex curved sections (such as IP-SOFC support 
comers) will occur quicker where radius o f curvature was less than mean mould thickness (Tiller & 
Hsyung, 1991). If the two are similar, difference in saturation times is insignificant. For the IP-SOFC 
support, the radius o f curvature o f the edge sections is similar to external wall thickness, therefore this 
case applies.
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The effect o f possible surface permeability variations is likely to be insignificant. Levanen et a l (2000) 
covered a similar situation regarding an asymmetric membrane, with a 250 pm thick intermediate 
layer o f different permeability (Ku = 4.56 x 1015 m2) to the substrate (ICS = 4,1 x 1012m2). No porosity 
gradient was found in the deposited layer, indicating that the total pressure drop driving layer growth 
was rapidly dominated by that o f  the depositing layer (Tiller & Tsai, 1986). For these reasons, the 
extruded IP-SOFC support is best approximated to a symmetric substrate.
2 .6 .4  Z irco n ia  L a y e rs
Experimental work verifying the colloidal filtration model of dipping has been carried out by other 
authors in addition to those noted above (e.g. Uhlhorn et a l , 1992). Concerning YSZ sols, membranes 
were dip-coated on YSZ-NiO pellets by Xia et a l (2000) and used to demonstrate preferential particle 
deposition over cracks. A series o f dipping-drying-sintering steps were carried out on cylindrical 45 
wt% YSZ-55 wt% NiO pellets o f porosity ~  24% (mean pore size ~0.45 pm). The YSZ sol was 
produced by hydrolysis o f  zirconium oxychloride (ZrOCL) and yttrium chloride to produce a sol D50 
particle size o f  116 ± 24 nm but suspension loading, viscosity values and withdrawal rates were not 
given. It is assumed that these would be similar to that used by Gu & Meng (1999) (cpo “  2.52 vol%, 
r|susp ~ 35 mPa s, no withdrawal velocities) as both reports come from the same research group.
Nitrogen permeability decreased with increasing number o f dipping-drying-sintering steps as shown in 
figure 2.19. This confirms findings from other dip suspension coating work (e.g. Arai et a l, 1991) in 
that multiple coatings are required to produce gastight membranes. The repair o f cracks formed during 
the dipping-drying-sintering steps can be seen in figure 2 .2 0 .
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Figure 2 .1 9 : Graph showing mean pressure dependence o f nitrogen permeability through layer and substrate 
(with Y S Z  membrane after different dipping steps (After Xia et al., 2 0 0 0 ) .
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Figure 2.20: SEM micrographs o f YSZ membrane (a) with cracks, (b) after the membrane was dip- 
dried-sintered once (c) after three times(d) and after five drying-sintering times.
(After Xia et al., 2000).
Deposition o f zirconia layers has been carried out using sol-gel methods (e.g. Di Maggio et al., 1991 
& 1994, Chakrapani et al., 1992, Okubo et al, 1996, Kim & Lin 1998, Gu & Meng, 1999, Caruso et 
al., 2001, Liu et al., 2002). These consider non-porous metallic surfaces and unstabilized/stabilized 
zirconia colloid production from organo-metallic precursor hydrolysis to produce colloid dimensions 
-5-100 nm, significantly smaller than the surface pore sizes observed in IP-SOFC supports. Layer 
thicknesses were all < 5 pm and particle size distributions were narrow where reported. The nature o f 
the IP-SOFC support surface means that sol-gel methods are unlikely to be o f use.
In regard to industrially manufactured zirconia powders, Kim and Lin (1999) dip-coated porous 
alumina a-ABCE discs (mean pore size -230  nm) with 5 wt% and 10 wt% aqueous suspensions (8YSZ 
powder, mean agglomerate diameter -50-100 nm, dipping time 3 s, no withdrawal velocity or 
viscosity data). Crack-free porous membranes up to 14 pm thick with average pore diameter o f 114 
nm and 57% porosity were produced after repeated dipping for a minimum o f two times. Pore 
diameter was -3 0  times that produced by the same authors using sol-gel processes (3 nm, layer 
thicknesses < 3 pm, mean surface pore diameter 0.3 pm, Kim & Lin, 1998). For the zirconia layers, 
no surface roughness values were reported.
Sol gel application requires smooth substrate surfaces and thin layers to avoid drying stresses 
rupturing the applied film (Scherer, 1990). This highlights the importance o f support surface topology 
and morphology in maintaining layer integrity, which are discussed in the next section.
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2 .7 . S u r fa c e  R o u g h n e s s /a s p e r i t i e s
2 .7 .1 .  C h a ra c te r isa tio n  o f  S u r fa c e  R o u g h n e s s
Surface roughness, or surface morphology, is defined in a variety o f ways. For nano-scale 
investigations using atomic force microscopy, the most commonly applied definition is a ratio between 
the surface area o f an analyzed surface and a perfectly flat surface o f the same dimensions. For 
nanometre to millimetre dimensions, more complex treatment incorporating profile height variations 
over a surface is required.
In this discussion, surface roughness will be taken as the surface features that lead to variation from an 
ideal surface. Optical and stylus surface profilometry and confocal laser scanning microscopy are the 
most common characterization methods. Surface profilometry is widely used in industry and has a 
deviation detection limit defined by the size and sensitivity o f the diamond-tipped probe used to 
measure the surface. This generally has an average dimension o f the order o f 2 pm. The detector is 
also usually connected to a computer, allowing a high level o f result data manipulation to be carried 
out after readings have been made.
Ra, Rv, Rt, Rmax/Ry, and Rp values are commonly used to describe the deviations. The mathematical 
derivation o f these values are described within several standards, e.g. ANSI/ASME B46.1-1995, BS 
EN ISO 4287:2000. Ra describes the mean deviation magnitude from a mean surface profile, Rv and 
Rp describe the maximum valley depth and peak height in a sample length respectively. Rt is the sum 
o f Rp and Rv values. Rmax/Ry describes the maximum vertical peak to valley displacement in a 
sample length, similar to Rt. While Ra is commonly used in industry, the extreme deviations 
represented by Rp and Rv are more important values for the complete coverage o f a surface. Surface 
profilometry software can also calculate displacements between deviations. Defining such deviations 
is dependent on a threshold value o f the overall profile (e.g. 10% of Rmax) and the deviation 
measured is actually a peak to peak or valley to valley distance. Most surface profilometry software 
gives no data on the width o f the actual deviations themselves nor does it provide data on subsidiary 
peaks and valleys within these deviations, limiting the usefulness o f this data.
2 .7 .2 .  R o le  o f  S u r fa c e  R o u g h n e s s  in D ip -c o a tin g
The dipping mechanics discussed in section 2.6 do not consider effects o f  surface heterogeneities. 
This is due to the complex and, at present, unquantified effects that surface roughness has on slurry 
coating. Surface roughness will affect wetting behaviour o f the substrate and surface bulk particle 
deposition at the nanometre scale (e.g. Walz, 1998, Van der Yen, 1998). The shape and dimensions of
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surface features will also affect the packing density o f deposited particles but such relationships 
require computer modelling to solve (Jia et a l, 2001). At present, there has been 110 work to suggest 
that surface roughness affects the colloidal filtration mechanism where flow is normal to the surface.
Where bulk flow is tangential to a surface such as in cross-flow filtration, surface roughness has been 
shown to influence particle deposition. In this, valleys on membrane surfaces have acted as mass 
sinks for particle deposition (e.g. Ehimelech et a l,  2000, Vrijenhoek et a l,  2001). This has been 
attributed to the increased permeate flow through the bottom of these valleys as they present the 
thinnest sections o f applied membranes, the lowest flow resistance and therefore the highest 
permeability. As pores can appear as valley defects in surface profilometry, preferential particle 
deposition in/at pores is also to be expected.
As the schematic diagram in figure 2.21 shows, a particle will deposit preferentially into valleys as the 
suspension/dispersing fluid flows into pores within these valleys. Provided that the particles remain 
mobile upon initial contact with the substrate, they will move to a thermodynamically more stable 
position with greater surface contact area. They will be drawn into the valley areas through which 
liquid flow is concentrated.
Figure 2.21: Schematic diagram showing preferential particle deposition into substrate surface “valleys”. The 
increased contact surface area and fluid flow through the pores means that the valleys form thermodynamically
more favourable deposition sites.
Surface roughness will also retard the complete coverage o f a surface as particles must first fill valleys 
before covering asperities. Initial layer permeability will be high as only partial coverage o f the 
substrate surface will occur. This will continue until specific permeability reflects the membrane, not 
the substrate value. Increased surface roughness would be expected to extend the initial rate o f 
colloidal filtration layer growth by retarding the formation o f a complete and homogeneous layer.
The relation o f particle size to surface feature dimension is significant. Agrafiotis et a l (2000c) 
observed increased adhesion o f 35 wt% commercial a-alumina aqueous slurries on cordierite 
honeycombs (porosity 13%, mean pore size diameter -1 0  pm) as D90 particle size was reduced from 
52 pm to 2 pm. Tighter particle packing was observed with decreasing particle size as can be seen in 
figure 2.22. The increase in adhesion was attributed to increased interlocking between deposited
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particles and the substrate, increasing layer/substrate contact area. These regions are shown circled in 
figure 2 .2 2 .
Figure 2.22: SEM micrographs o f the substrate/washcoat interface for the two cases o f commercial a- 
alumina powders: (a) D90=6 /im, (b) f>90=2 /im (After Agriafiotis et al., 2000b).
For a viscous suspension, flow into surface features will be retarded. Agriafiotis et al. (2000b&c) 
observed that increased support surface roughness prevented even application o f titania and alumina 
washcoats, leading to increased cracking. The reduction in layer/substrate interface contact area 
decreased layer adhesion.
2 .7 .3 .  W e t  G re e n  layer
Once the wet layer has been deposited, the integrity o f it must be maintained. For reduction in internal 
layer stress through stress relaxation mechanisms, careful drying o f the green layer is required. Drying 
stresses develop as a result o f  constraints, deriving from temperature and moisture content gradients 
existing within a green body. During drying, fluid is transported from internal pores to the surface by 
capillary action (e.g. Foust et al., 1980, Scherer, 1990). This is called the constant rate period during 
which significant shrinkage in volume occurs. As fluid is removed, the particles in the layer make 
mutual contact and the Critical Moisture Content, (CMC) is reached. After the CMC is reached, the 
rate o f fluid evaporation from the surface exceeds the rate o f fluid replacement from internal pores 
Shrinkage is no longer associated with escape o f liquid and air enters the body (e.g. Scherer, 1990, 
Tari et al., 1998).
For bodies o f varied cross-section, the CMC is reached sooner in thinner sections than thicker ones, as 
initial moisture content to surface area is lower and fluid transport distances are shorter (Scherer, 
1990). If a film is not a uniform thickness, such as in figure 2.23, constant rate period shrinkage will 
continue for longer in thicker sections than in thinner sections. On a rigid substrate, this moisture
differential will cause a tensile stress to develop above rigid surface asperities. Reducing the drying
rate produces stress relaxation through a degree o f layer particle rearrangement as shrinkage occurs.
This reduces the level o f cracking (e.g. Chiu et al., 1993).
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Figure 2.23: Schematic diagram of tensile stresses within a drying green film.
The influence o f substrate rigidity on layer integrity during drying is significant. Chiu et a l (1993) 
cast films o f agglomerated and well-dispersed 20  vol% aqueous alumina suspensions (mean particle 
sizes; 0.2 pm 0.4 pm) onto glass slides, a Teflon plate and a mercury pool. Different drying regimes 
were applied. Zirconia (0.2 pm) and latex (0.3 pm) particle suspensions were also cast onto glass 
slides and dried. The Critical Cracking Thickness (CCT) o f the layers, i.e. the maximum thickness 
attained without cracking was measured. The influence o f substrate rigidity on CCT was marked, as 
the CCT o f alumina films cast on mercury was extremely high (-2  mm) as compared with ~  200 pm 
for CCTs on glass slides. Drying regime was considered to have less effect on CCT than the constraint 
o f a rigid substrate.
In regard o f porous surfaces, the drying o f a granular film on a dry porous bed was investigated by 
Grau et al., (1999). Aqueous slurries o f alumina powder (mean particle sizes o f 0.5 pm and 1.0 pm) 
were deposited onto dry powder beds o f the same powder. Layer cracking thickness was dependent 
on a saturation thickness, not the actual layer thickness deposited. The liquid fraction o f the slurry 
was seen to be transported into the underlying powder bed at a rate higher than drying would produce. 
Layer cracking thickness increased with particle size diameter reduction and slurry liquid volume 
fraction increase. The layer saturation thickness effectively increased drying layer thickness, by 
extending the saturated region into the bed below. This led to determination o f a critical saturation 
thickness (CST), which was equal to or greater than the critical cracking thickness determined by Chiu 
et a l.
For a sintered porous substrate, fluid transport into a dry substrate will remove fluid from the 
deposited layer more rapidly than drying but only for very short dipping times. For longer dipping 
times, the substrate surface region will saturate. The effect o f  this surface region saturation on drying 
behaviour and the consequent layer drying rate is unknown. The observation that the CST values 
measured equalled or exceeded CCT values indicates that CCT values are a more accurate indicator 
o f maximum layer thickness by dipping.
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2 .7 .4 .  D ried G re e n  L ayer
For a ceramic layer, continued integrity depends an the relationship between the stress within the layer, 
a, the fracture toughness, Kc, and thickness, hc. This is given by the following equation (Hu et al., 
1988).
hc =
K X
1.4cr (2.17)
For a dried green layer, subsequent heat treatment will induce stresses through differences in CTE 
between layer and substrate. Similar to drying, layer thickness must be able to accommodate internal 
stresses induced by layer/substrate CTE differentials before and after sintering. Intended green layer 
thickness must allow for these effects to produce a crack-free fired layer. The same substrate geometry 
as during drying exists, but stress relaxation through particle rearrangement no longer occurs to the 
same extent. Stress must now be accommodated within the layer structure. The thickness o f a dipped 
wet layer is also significantly greater than a dried layer owing to fluid content. Therefore, the change 
in layer thickness occurring during drying must be known. On a substrate with surface asperities, the 
green layer/substrate interface possesses geometries that resemble crack propagation zones. These 
produce stress concentrations as shown in figure 2.24. The effect o f these stress concentrations lessen 
with distance from the asperities and increased layer thickness. However, as layer thickness increases, 
the level o f stress associated with layer shrinkage during densification becomes too great and cracking 
occurs.
Membrane
Figure 2.24: Schematic diagram of stress field within a deposited layer on a rough substrate.
2 .8 . S u m m a r y
The separation o f fuel and oxidant within SOFCs is vital in maximizing energy efficiency. Gastight 
barriers between fuel and oxidant flows are fundamental to achieving this. Material choice and 
production method is limited by electrochemical, mechanical and thermal compatibility issues with 
active cell areas, and IP-SOFC support design. The dense zirconia electrolyte used in the IP-SOFC 
dictates the materials and fabrication processes used for the cell and support. A sealant layer using 
zirconia is therefore advantageous.
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The review o f literature on zirconia layers deposited onto ceramic surfaces has shown that the 
predominant production method is through colloidal sol-gel and suspension application o f thin layers 
onto smooth substrates. The effects o f surface roughness on zirconia layer deposition is rarely 
mentioned and not quantified. Most layers are porous with thicknesses generally <10 pm, produced 
after repeated dipping. Cracking and delamination are frequently observed. The dipping mechanism 
reported is a combination o f film coating and colloidal filtration components. Important parameters 
such as suspension viscosities and substrate withdrawal rates are often unreported for commercial or 
other reasons. Particle size distributions in suspensions used were narrow where reported.
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C h a p t e r  3  
P r e c u r s o r  P o w d e r  a n d  S u p p o r t  C h a r a c t e r i s a t i o n
3 .1 . In tr o d u c tio n
Determination o f the IP-SOFC support surface and bulk pore properties (bulk porosity, mean surface 
pore diameter, pore size distribution) and surface topology and morphology are needed for accurate 
control o f dipping. Also, MMA is composed o f two materials, magnesia and magnesium aluminate 
spinel. The CTE of magnesia is 13,9 xlO '6IC‘ while that o f magnesia aluminate spinel is 7.6 x lO 'T c1, 
a difference o f 5.3 x 10'6K"1 (data given in table 2.1). It is therefore important to know whether the 
two phases are homogenously mixed. Therefore, this section will cover first the production and 
characterisation o f the MMA precursor powder and then that o f the extruded IP-SOFC support.
3 .2 . P r e c u r s o r  P o w d e r
3 .2 .1 . B a c k g r o u n d
Ideal extruded asymmetric membrane supports require an even surface with narrow pore size 
distribution. Manipulation o f the particle size distribution (PSD) o f precursor powders has been 
investigated as a method o f achieving these properties. These investigations have formed a large body 
o f work within the field o f gas and liquid micro- and macro-porous membrane manufacture (e.g. 
Bonekamp, 1996, Chao & Chou, 1996, Chou et al., 1997, Weber et al., 1997). So far, modelling of 
particle sintering has indicated that a fine and narrow PSD produces a fine and narrow pore size 
distribution. However, in practice, such distributions have frequently produced different pore size 
distributions than expected, largely through particle agglomerates being present prior to heat treatment, 
leading to density variations and pore size distribution broadening (e.g. Lange, 1989, Ma et al., 2002). 
However, too broad a distribution can lead to sintered body density variations similar to those 
produced by agglomerated powders.
In addition to PSD, powder particle aspect ratio and particle surface roughness affect the level and 
homogeneity o f particle packing within a green body. High aspect ratio particles require a high degree 
of particle alignment for the optimum packing density to be achieved. Particle misalignment increases 
with increased particle surface roughness and adsorbed surface molecules such as suspension additives. 
This results in void spaces o f disparate size, increasing the width o f the pore size distribution. 
Suspension additives can also aid alignment as in the case o f lubricants. Therefore the nature o f the 
additive types used in support fabrication must be considered.
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3 .2 .2 .  P o w d e r  P ro d u ctio n
The raw materials for the magnesia magnesium aluminate (MMA) precursor powder are coarse 
magnesia (periclase) and alumina. These are mixed in a magnesia-rich mass ratio to produce powder 
batches. The batch mixtures are melted and fused in an electric arc fusion process within an alumina 
crucible. The magnesia and alumina melt, react and form a solid solution o f magnesia magnesium 
aluminate (MMA). The fused MMA ingots produced are then comminuted in a rotary ball mill with 
alumina balls to produce a coarse powder that is then further reduced in size by vibromilling. The 
resulting batch powder is deposited into twelve batch labelled 25 kg buckets and delivered to RRFCS. 
Each individual bucket is labelled numerically and samples are taken for tracking and quality control 
purposes. The powder is supplied to a support manufacturer, A, who extrudes the supports.
3 .2 .3 .  L a se r  D iffraction  P article  S iz e  A n a ly s is
PSD was measured using a Malvern Mastersizer Hydro 2000 with dedicated PC running proprietary 
software. This apparatus employs the laser diffraction method o f particle size analysis. Agglomeration 
o f MMA particles was observed in initial particle size distribution analysis (PSDA). To improve 
particle dispersion within the sampling suspension used in the Mastersizer, the following optimization 
steps were taken. A calibration sample o f MMA powder (PI) and a commercial dispersant, Calgon 
(sodium hexametaphosphate) were chosen. Varying weight percentages o f dispersant were dissolved 
into tap or de-ionised water to give a series o f solutions. Each solution was added to the Mastersizer 
flow cell, powder added and PSDA carried out. The difference between use o f tap and distilled water 
on DIO, D50 and D90 value variation was seen to be negligible. A 0.5 wt% loading o f Calgon was 
found to be most effective in reducing the variation in DIO, D50 and D90 values to within the 
recommended limits set by ISO 13320. This PSDA method is now carried out on all MMA precursor 
powders used by RRFCS and a typical distribution is shown in figure 3.1. For the purposes o f this 
investigation, the MMA precursor powder selected was P2 used to produce the A l support extrusions 
characterised in section 3.3.
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Figure 3.1: PSD o f M M A  precursor powder P2,
3 .2 .4 . S c a n n in g  E lectro n  M ic r o s c o p y
Scanning electron microscopy (SEM) was used to characterise the particle shape. Powders were 
dusted onto carbon tapes attached to aluminium stubs. As the powder samples were not conductive 
and no sputter coater was available at the time, an accelerating voltage o f 3 lcV was used which led to 
slight charging. The images were o f sufficient clarity that future sputter-coating o f the samples 
appearefunnecessary.
Observed powder particle sizes were varied with an even distribution containing coarse and fine scale 
particles. These can be seen in figure 3,2. Particles were observed with maximum dimensions o f -6 0  
jim, an example o f which is highlighted in red in figure 3.3. The shape o f the larger particles seen in 
the powder was also variable, with both low aspect ratio particles and high aspect ratio particles as 
shown in figure 3.3. The majority o f particles showed faceted surfaces. Varying levels o f angularity 
were observed. Images o f finer particles resembled images o f  coarser particles. At particle 
dimensions lower than 3 pm, high quality images were difficult to obtain.
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Figure 3.2: SEM micrograph of P2 MMA powder showing coarse (> 20 /xm) and finescale (< 1 /xm) particles.
Figure 3.3: Higher magnification SEM micrograph showing high aspect ratio (blue) and equiaxed (yellow) P2 
powder particles with maximum observed particle size of ~ 60 /xm highlighted (red).
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3 .2 .5 . E n e rg y  D is p e r s iv e  X -r a y  A n a ly s is
A qualitative analysis o f the powders was carried out using Energy Dispersive X-ray (EDX) analysis. 
The dusted powder samples used in the SEM analysis above were initially used in producing 
elemental dot maps. However the images produced using these samples were o f low quality. To 
improve image quality, cross-sectional samples were produced by mixing the MMA powder with a 
preheated low viscosity resin. The powder and resin mix was then thermally cured. The cured 
samples were polished with a series o f polishing cloths finishing with a 1 pm diamond paste 
impregnated cloth plate. The samples were then sputter coated and examined. Element dot maps were 
produced o f the polished particle surfaces. The major component elements detected were magnesium, 
aluminium, oxygen and calcium. To aid differentiation between spinel and magnesia, oxygen was 
disregarded. The relative concentrations o f magnesium and aluminium within the particles were used 
as a method o f gauging the spinel and magnesia composition o f the particles. The apparatus used 
(Topcon sm200, Roentec Quantax EDX detector) was able to clearly separate the spectra emitted by 
the magnesium and aluminium.
Figures 3.4-6 show that individual particles were predominantly either spinel or magnesia. There 
appeared to be a larger amount o f magnesia present, as expected. Both the spinel and magnesia phases 
appeared to be distributed equally over the particle size distribution as figure 3.4 indicates. Mixed 
phase particles were observed with figure 3.5 showing several spinel-rich particles with magnesia 
inclusions. These mixed phases were expected as a result o f  the fusion process by which the MMA is 
produced. Figure 3.6 shows a large (-60 pm) magnesia particle with small inclusions o f spinel visible. 
Magnesia appeared to form inclusions within and on the periphery o f spinel particles whereas spinel 
inclusions tended to appear only on the periphery o f magnesia particles as seen in the magnesia-rich 
particles presented in figures 3.5 and 3.6. This may be to do with the lower level o f spinel within the 
MMA.
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Figure 3.4: EDX dot map showing spinel and magnesia phase distribution of the P2 MMA powder.
Figure 3.5: EDX dot map of P2 powder showing mixed phase particles. Both magnesia-rich and spinel-rich 
particles can be seen. The spinel-rich particles have a significant number of magnesia inclusions.
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Figure 3.6: EDX dot map of P2 MMA powder showing a ~60 pm spinel-rich particle with magnesia inclusions.
3 .2 .6 .  S u m m a r y  o f  P o w d e r  C h a ra cte risa tio n  R e s u lts
The MMA precursor powder morphology consisted of faceted particles with various aspect ratios, 
some particles being equiaxed and others having very high length to width ratios. Particles of ~ 60 pm 
were observed in the powders. The chemical composition of individual particles varied with the 
majority being either spinel or magnesia. Mixed composition particles were observed. These were 
predominantly particles with larger than average dimensions.
3 .3 . S u p p o r t
3 .3 .1 .  E x tru sio n
The IP-SOFC support is produced using the extrusion of a high viscosity, high solids content paste of 
MMA. Manufacture of the extruding paste requires high shear mixing of the precursor powder with a 
dispersing vehicle (tap water) and process additives such as deflocculants, binders and lubricants. 
Solids content is > 40 vol% and a high binder content is needed to aid extrudate flow through the die.
Industrial ceramic paste processing methods such as extrusion produce defects which alter pore 
structure and reduce the component mechanical properties of the component. For example, Kendall 
(1997) observed 0.3 /xm alumina powder paste extrudates that gave fired bend strength values of -0.5 
GPa, which compared with 7 GPa from melt processed alumina. This indicated that flaws up to 30
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pm were present. If  particle size dictated mechanical strength as suggested by some authors (e.g. 
Birchall et a l,  1981, Kendall et a l,  1983), the flaw size would be an order o f magnitude lower.
The largest flaws in powder processing derive from gas bubbles/entrapped air, large 
grains/agglomerates and contaminant inclusions. The first can be minimised by evacuation or deairing 
o f the paste prior to extrusion. The effect o f the second can be reduced by controlled heat treatment of 
the green body. The last can be minimised by processing under clean room conditions. However, 
even after careful control o f processing conditions, defects between 30-60 pm in length can occur 
(Kendall, 1989). This suggests that other mechanisms cause flaws to occur and/or that even the 
tightest control o f production cannot entirely remove flaws such as agglomerates. Polymer addition 
and high shear mixing have been shown to minimise the occurrence o f these flaws. For example, 
Kendall et al. (1997) observed that with polymer addition and high shear mixing o f precursor titania 
paste, the compacts produced showed increases in compact bend strength from 200 MPa to 700 MPa 
as compared with compacts produced without using these processes.
If  precursor powder agglomerates are not removed, density variations will develop during drying and 
sintering. These cause variations in pore structure and size distribution which can affect effective 
layer deposition. Density variations also lead to stress differentials that frequently produce surface 
crack defects or form defects in the body such as warping and bending. For IP-SOFC fuel cell 
manufacture, a consistent and flat surface is vital for screen-printing, the lack o f which leads to 
support rejection.
Suitable pastes for extrusion incorporate highly viscous binder solutions to produce a cohesive plastic 
body with sufficient green body strength to withstand the ensuing drying and sintering processes 
without deforming. An appropriate paste yield stress, Tb, is required for effective flow behaviour. Too 
high a fines fraction increases Tb, making the paste difficult to extrude. Laminations form as the paste 
passes the die and it fails to “knit” back (e.g. Benbow, 1992).
During extrusion, a shear profile in the extrudate will develop. For high solids loadings and yield 
stresses, plug flow predominates. At high velocities and/or low viscosities, velocity profiles within the 
extrudate flow can develop. These can lead to particle segregation as fine-scale particles migrate to 
periphery o f the extruded paste (e.g. Benbow, 1992).
Particle orientation has been observed during the extrusion o f high aspect ratio particles. These tend 
to align with their largest dimension parallel to the direction o f flow (e.g. Probst, 1922, Benbow, 1992, 
Goswami et a l,  2000). These particles and high aspect ratio agglomerates then predominate at the 
edge o f the extrudate. This can also lead to porosity gradients (e.g. Benbow, 1992, Kubler, 2003).
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With a mixed phase composition like MMA, phase segregation is to be prevented as it will lead to a 
change in CTE at the surface which will increase thermal mismatch stresses during fuel cell operation.
The IP-SOFC support fabrication process begins with production o f a binder solution. A dispersant, 
Dispex N40 (sodium polyacrylate, Ciba Speciality Chemicals UK Ltd) is added to tap water and 
mixed with Polyvinyl Alcohol (PVA) binder to produce a highly viscous solution. The MMA powder 
is added in specified amounts and mixed under high shear and a vacuum to deair the paste. The 
extrusion paste is then transferred to a ram extruder. The extruder barrel is evacuated o f air and the 
ram forces the paste through a steel die. The paste is extruded in a series o f strip runs onto 
polyethylene sheets. The widths o f the extruded strips are recorded before being placed onto wood 
planks and left to dry for two days.
3 .3 .2 .  Firing C y c le
Once the extruded green body is produced, careful drying must be carried out to remove excess 
moisture. Drying will induce stresses within the body, which can lead to warping and form defects. 
This warping can lead to support form exceeding RRFCS support specification. Once dried, the 
extruded support strips are cut into support lengths, stacked into a batch furnace and fired. For binder 
burnout, a slow furnace ramp rate is required. If  the rate is too great, binder vapour pressure increases 
within voids, which increase in size and rearrange surrounding particles, changing the void and 
particle distribution. These voids can form internal or surface defects such as cracks and 
delaminations that lead to support fracture. To preventing such defects from forming, a slow 
temperature increase (or ramp rate) is required up to ~700°C.
Upon completion o f burnout, faster ramp rates o f  can be employed until the selected sintering 
temperature is reached. A sintering temperature o f 1550°C is preferred for MMA. This is higher than 
zirconia layer sintering temperatures, which are -1200-1500°C depending on precursor particle size. 
After a sintering dwell period, the furnace temperature is gradually decreased.
3 .3 .3 .  Fired S ta te  S u r fa c e  T rea tm en t
Fired support form is frequently different to what is required. Bulk form curvature may exceed 
specified shape and flatness criteria or surface finish may be rougher or smoother than required. 
Surface finishing processes are often applied, including lapping, polishing or grinding. These remove 
a surface layer, allowing minor- dimensional adjustments to surface form, such as removing surface 
blemishes, asperities and cavities. Minor warping correction is also possible. Mechanics o f material 
removal in ceramics involve brittle fracture and/or plastic deformation. For the porous IP-SOFC 
support, brittle fracture is expected to be the main mechanism.
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For the IP-SOFC support, surface finish is altered by finishing. The fired support is pressed against a 
rotating p80 diamond abrasive grade belt (mean particle size -192-197 pm) and material is removed 
until the support conforms to RRFCS form specification. The level o f material removed varies with 
support deviation from this flatness criteria. Surface roughness, Ra, is assessed using surface 
profilometry o f a random selection o f supports and a mean average is calculated. The selected 
supports and average Ra values are fisted in the support batch delivery documentation. No indication 
o f direction or number o f readings is given.
3 .3 .4 .  S u p p o r t  C h a ra cte r isa tio n
3 .3 .4 .1 . introduction
Green, fired-unground and ground IP-SOFC supports were characterised using the methods o f surface 
profilometry, mercury intrusion porosimetry, Archimedes porosity, SEM imaging (surface and cross- 
sectional) and EDX analysis. The aim of this characterisation was to relate the starting precursor 
powder to final MMA support tube surface and bulk properties and to identify any process defects 
within the supports and on the support surfaces. Support characterisation is a continuous process 
within RRFCS and there exist data on a large number o f supports. The A l supports characterised in 
the following sections are fisted in table 3.1 and were considered to be representative o f previous and 
current IP-SOFC supports characterized.
Table 3.1: Support tube samples and precursor powders.
Sample names Extrusion State MMA Precursor Powder
Al GR A l Green P2
A l UG A l Fired-unground P2
A l G A l Fired-ground P2
For all characterization, except surface profilometry, samples were cut from supports, cleaned 
ultrasonically in acetone at room temperature for 15 minutes and oven-dried at 50°C in air. Sample 
dimensions depended on the technique employed. For surface profilometry, unaltered supports were 
wiped with an acetone-soaked lint-free cloth before readings were made.
3 .3 .4 .2 . Surface Profilometry
Surface profilometry measurements were made using a Mitutoyo Surftest SJ301 machine with a 5 pm 
stylus. The standard used was ANSI/ASME B 46.1-1995 using an evaluation length o f 12.5 mm 
broken down into sample lengths o f 2.5 mm. The profiles created by the Surftest were transferred 
automatically into Mitutoyo Surfpak SV/Pro/SJ software in which selected surface roughness 
parameter values could be calculated and presented. Readings were taken on each side o f the support 
perpendicular and parallel to the extrusion/grinding direction. These directions will be denoted 
henceforth as perpendicular direction and parallel directions respectively. Five readings were taken in
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each direction on each side. Parameter values given in table 3.2 were transferred into Excel, mean 
averaged and entered into a final summary spreadsheet.
Table 3.2: Description of surface roughness parameters used.
Parameter Definition Units
Ra Arithmetic mean deviation from the profile mean line pm
Rp Maximum profile peak height deviation from the profile mean line pm
Rv Maximum profile valley depth deviation from the profile mean line pm
Rt Maximum profile deviation (Rp +Rv) pm
Rku Kurtosis of profile (degree of concentration around the profile mean line as an amplitude distribution curve) n/a
R values are given in table 3,3. There was no significant difference in R values with reading direction 
for the green and fired-unground surfaces, nor between these two states. Fired-unground surfaces gave 
the lowest R values. No significant change in Rp was recorded over all surface states and directions.
Fired-ground surfaces showed significant Rv, Rt and Rku value increases for both perpendicular and 
parallel directions in comparison to the other states. There was also a directionality to the increases, 
with perpendicular direction Ra, and Rv values being higher than parallel direction Ra and Rv values. 
The highest Rt value recorded in all measurements was 90 pm in a fired-ground support perpendicular 
direction.
Table 3.3: Surface profilometry measurements: green, fired-unground and fired-ground support surface 
roughness values with standard deviation values based on five readings._______
Al-G R Al-U G A l-G
Parameter Para. Mean Perp. Mean Para. Mean Perp. Mean Para. Mean Perp. Meaii
Ra / pm 3.6 ± 0 .2 3.9 ± 0 .2 2.8 ± 0 .4 3.2 ±0 .5 4.0 ± 0 .9 5.2 ±  1.0
Rku/ - 3.2 ± 0 .2 3.3 ± 0 .2 3.9 ±  1.3 3.3 ±0 .3 7.2 ± 3 .5 11.0 ±  3.6
Rp /  pm 11.4 ±  1.5 13.5 ± 2 .7 10.9 ±  1.6 12.3 ± 2 .2 11.9 ± 4 .0 12.9 ± 2 .9
Rv /  pm 17.8 ±  1.8 20.0 ± 3 .4 16.9 ± 6 .2 16.1 ±2 .5 32.5 ±  13.5 46.8 ±  11.8
Rt / pm 29.3 ±2.1 33.5 ± 4 .4 27.8 ±6 .3 28.3 ±0 .1 44.4 ±  16.2 59.7 ±  14.2
The increases in Ra, Rt and Rku values appear to be entirely due to increase in Rv. The Rv values 
recorded are larger than the average D50 powder particle size used in the fabrication o f the supports 
(see section 3.2.3). The grinding o f the fired support surface increases the maximum profile depth, Rv, 
o f the extrusion, but does not increase maximum profile height Rp. The directionality and magnitude 
o f the fired-ground Ra, Rt and Rku values appear to be related to defect size and defect form aspect.
3 .3 .4 .3 . Mercury Intrusion Porosim etry
For surface pore size distribution o f the IP-SOFC support, mercury intrusion porosimetry was used to 
measure median surface pore diameter and pore size distribution. Mercury intrusion porosimetry 
measures the pressure required to intrude a non-wetting liquid (mercury) into the pore structure o f a 
ceramic body. The mechanics relate to ail inverse capillary action. In capillary action, a liquid wets 
the surface o f a ceramic body and is drawn into a substrate through the pores at a rate directly related
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to the pore structure and median pore size. This is described by the Laplace equation (section 2. .3, 
equation 2.12). In mercury porosimetry, the inverse happens. This is described by the Washburn 
equation:
n ~ 2Ylv cos <9
where R is the pore radius intruded by the mercury under a pressure P, yLV is the effective 
liquid/vapour interfacial tension between the liquid mercury and the atmosphere (usually air) and 0 is 
the contact angle o f the mercury. The contact angle o f mercury on most ceramic oxides is between 
130-140° and for all surfaces in the range o f 110-140°.
Pressures o f 200 MPa and higher (up to 420 MPa) are commonly used. This allows pore sizes 
between 200 pm and 2 nm to be intruded. The continuous intrusion o f the mercury produces two 
penetration volumes. These are initial penetration into the bulk pore or powder interstitial structure, 
followed by further penetration into smaller agglomerate pore structures. From these values and initial 
bulk sample volume, total open porosity can be calculated. This is often referred to as apparent 
porosity and excludes closed porosity. Closed porosity represents the pore space inaccessible to any 
intruding fluid.
The high pressures involved in mercury intrusion porosimetry can lead to surface pore structure 
alteration. Sample size is restricted by intrusion chamber dimensions, which are o f the order o f -2 0  
mm by -2 0  nnn by -2 0  111111. This restriction means multiple samples are required for approximation 
over a support surface. With a cut sample o f support, the internal pore structure is exposed at cut 
surfaces and internal support surfaces are also exposed, affecting the pore size distribution measured. 
This may not reflect the true surface pore size distribution o f the support. The upper limit o f pore size 
intrusion o f - 2 0 0  pun leaves defects o f this dimension undetected.
Mercury intrusion porosimetry apparatus was not available within RRFCS, so strip samples o f green, 
fired-unground and fired-ground A l supports (dimensions o f 10 111111 by 60 111111 with wall thicknesses 
o f -2  111111) were prepared and sent to CERAM research for analysis using a Micromeritics Pore Sizer 
9310. Intrusion and extrusion measurements were made on all samples, in order to identify surface 
pores with internal “inkwell” morphologies. Result print-outs were returned and entered by hand into 
an Excel spreadsheet, from which plots o f  the intrusion volume against pore diameter were produced. 
The median pore diameter and open/apparent porosity values were given in the documentation from 
CERAM research. Summary result values are presented in table 3 .4 below.
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Table 3.4: Results summary of mercury intrusion porosimetry 
with standard deviation values based on two sample runs.
Support state Volume of Test piece /  
xlO"6 m3
Bulk density 
/  Mg m'3
Apparent density 
/ Mg m'3
Apparent
Porosity
/ %
Median surface pore 
diameter (volume) / 
xlO’9 m
Al-GR 1.62 + 0.15 2.57 + 0.01 3.03 ± 0.01 15.3 + 0.1 0.25 ±  0.01
Al-U G 2.22 ± 0.04 2.72 ±  0.01 3.63 ± 0.01 25.0 + 0.0 2.13 + 0.02
A l-G 1.58 + 0.09 2.71 ±0.01 3.64 + 0.04 25.5 + 0.2 2.31 ±0 .04
The surface pore size distributions o f the fired-unground and fired ground supports were narrow with 
median pore diameters o f  2.13 /xm and 2.31 /xm respectively as can be seen in figure 3.7. The surface 
pore size distribution observed corresponds to that preferred for supports used in ceramic membrane 
production (e.g. Bonekamp, 1996). The existence o f a hysteresis between intrusion and extrusion 
measurements indicated that some surface pore/defect structures possess “inkwell” aspects but more 
detailed analysis o f the support surface pore structure requires the use o f imaging techniques.
Figure 3.7: Graph showing mercury intrusion volume against pore diameter of Al green (Al-GR), fired- 
unground (Al-UG) and fired-ground (Al-G) supports.
3 .3 .4 .4 . A rch im ed es Porosity M ethod
The Archimedes porosity method was used for the determination o f total, open(apparent) and closed 
sample porosities and as a comparison with mercury intrusion porosimetry results. The experimental 
method used was in accordance with BS EN ISO 10545-3:1997. Green supports were not tested 
because o f their binder content. 10 mm by 10 mm (wall thicknesses ~  2 mm) samples o f fired 
unground and ground A l supports were prepared. All masses were recorded using an Archimedes 
balance as shown in figure 3.8. The dry samples were placed onto the upper plate and masses recorded. 
The samples were placed into a beaker o f deionised water in an evacuating chamber and a vacuum was
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applied until no more air was seen to emanate from the samples. After -3 0  minutes, the samples were 
removed. These were placed into the water-filled glass beaker and the suspended masses recorded. 
The samples were removed, excess water wiped off with a cloth, placed on the upper plate and the 
water-impregnated masses were recorded. All mass readings were entered into an Excel spreadsheet. 
Water temperature in the Archimedes scale beaker was recorded before, during and after each set of 
mass readings. These values were used to select the appropriate water density for porosity 
calculations. The masses were then used to calculate total, open and closed porosities.
Dry and 
saturated 
sample 
weighing 
plate
Suspended
sample
Balance
Water-filled glass 
beaker
Figure 3.8: Schematic diagram of Archimedes balance
Total (or bulk) density is the overall sample density including open and closed porosity, apparent 
density is the sample density excluding open pores, and theoretical density is that o f a sample with 
zero porosity. Bulk and apparent densities are calculated using the following equations:
Mdry Pi
Pbidk ~ M  - Msat susp (3.5)
Papparent
Mdry M  susp p Q
where pbuik is bulk density, papparent is apparent density, Mdry is the dry sample mass, Msat is saturated 
sample mass, Msusp is the suspended sample mass and pi is the immersion liquid density, which was 
that o f deionised water at 20°C for these measurements. Total (bulk), open (apparent) and closed 
porosity calculations require the theoretical density o f MMA. This is calculated from the theoretical 
densities o f magnesia and spinel and their mass fractions within the MMA composition ( P m m a , theoretical 
= 3.57 Mg n f3). With pbuik, p apParent, and Ptheoreticai known, the porosities can be calculated using the 
equations below:
%  porosity bulk
( _  hPtheoretical Pbuik 
P  theoretical
xlOO
(3.7)
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% porosityapparent
r _  \
P  apparent Pbulk
V P  apparent J
xioo
(3.8)
% porosity closed
Pbulk______ Pbulk
Papparent Ptheoretical y
X 100
(3.9)
The results derived from this analysis are given in table 3.S. The total and closed porosity values 
appear to increase between fired-unground and fired-ground states, while open porosity reduces. 
There is no physical reason for the amount o f closed porosity to change on grinding, so other 
explanations must be sought. This leads to the consideration o f variability within and between 
supports. This is emphasised by the increase in closed porosity shown by the A l-G  surface, one 
sample o f which gave an exceptionally high closed porosity value o f 7.5% leading to the large 
standard deviation value o f 3.18% shown below. This variability o f porosity within the support 
correlates with similar Archimedes data for supports produced from other powders. In these cases, no 
consistent relationship between porosity and support unground and ground states could be detected 
within Archimedes porosity measurements.
When compared with mercury porosimetry data, the open/apparent porosity values are lower. A 
possible reason for the lower Archimedes open porosity values is the higher pressures used in mercury 
porosimetry can lead to mercury intrusion into pore space inaccessible using the Archimedes method. 
Microstructural damage resulting from the high pressures used may cause pore break-through, leading 
to intrusion o f the mercury into previously closed pores, producing an increase in measured pore 
volume.
Table 3.5: Archimedes porosity: Fired-unground and fired-ground support porosities with standard 
_______deviation values (calculated from three samples)._______
Sample Powder Open porosity Closed porosity Total porosity
A l UG P2 23.3% ± 0 .2 % 2.3% ±  0.3% 25.6% ±  0.4%
A l G P2 22.8% ±0.1% 3.9% ±3 .2 % 26.7% ±3.1%
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3 .3 .4 .5 . Scan ning Electron M icroscop y
Scanning electron microscopy (SEM) was used to produce micrographs of planar and cross-sectional 
specimens of the IP-SOFC supports. Planar samples were cut directly from supports, ultrasonically 
cleaned, mounted on carbon tape attached to aluminium stubs and sputter-coated. Images produced 
allowed qualitative analysis of support surface topology and morphology. While surface roughness 
and defect distribution were not quantifiable, surface defect dimensions could be measured.
Micrographs were produced of the surfaces of the green, fired-unground and fired-ground substrates. 
These showed that there were no defects >10 pm to be seen on the surface of either green or fired- 
unground supports. All fired-ground surface images showed defects >10 pm, as seen in figures 3.9 
and 3.10. These frequently exhibited high aspect ratios and were aligned parallel to the 
extrusion/grinding direction. The largest defect observed is shown in figure 3.9, with a length of -570  
pm and width -160  pm. Higher magnification images, such as figure 3.10, showed this and other 
similar defects to have inkwell aspects. There are finescale particles to be observed in figure 3.10 and 
these appear to be fracture debris from the grinding process. Such particles had been observed 
previously on fired-ground surfaces but did not appear on any green or fired-unground surfaces 
examined.
Figure 3.9: SEM micrograph of a Al fired-ground support surface showing linear aspect surface defects aligned
with the extrusion/ grinding direction.
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Figure 3.10: SEM micrograph of a Al fired-ground support surface showing inkwell aspect surface defect
aligned with the extrusion/ grinding direction.
Surface micrographs of the surface of the fired-ground supports were also taken at a tilt angle of 45° 
angle to qualitatively assess surface relief. The depth aspect of the valley defects is highlighted in 
figure 3.11. The fired-ground support shows defects, similar to those in figures 3.9 and 3.10, 
surrounded by a smoother surface, correlating with the difference in Rp and Rv values measured in 
section 3.3.4.2.
Figure 3.11: SEM micrograph of Al fired-ground support surface taken at 45° tilt angle showing smooth surface
and depth o f defects.
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Cross-sectional samples were prepared in a similar manner to above and set in resin using vacuum 
impregnation and caldofix resin (pre-heated at 70°C for 30 minutes, impregnation using a Buehler 
Vacuumat followed by four hours curing at 80°C). This was to ensure adequate penetration of the 
internal pore structure and avoid diamond paste contamination of the support pore structure during the 
subsequent polishing process. The cured samples were polished and gold-sputter-coated before being 
placed in the scanning electron microscope and examined. Internal pore structure and internal defect 
distributions were qualitatively assessed and maximum internal defect dimensions were measured.
No cross-sectional images were made of green substrates as low levels of resin impregnation into the 
substrate were observed. The polishing regime used for all samples also resulted in alteration of the 
visible green microstructure through particle rearrangement and pore filling. Fired-unground and 
fired-ground samples were produced and well-sintered microstructures were observed in all fired 
support samples. Internal void defects were also observed in all fired support samples. For fired- 
unground support samples, there appears to be a correlation between depth and defect size. A  band of 
void defects aligned at -350  pm depth was observed below all fired-unground surfaces. This is shown 
in figure 3.12. Grinding often removes material to this depth from the surface. There appears to be an 
increasing gradient in defect size away from the surface but a decline in defect frequency. The lower 
R values measured for fired-unground surfaces reflect the surface profiles seen in figures 3.12 and 
3.13.
Figure 3.12: SEM micrograph of fired-unground support cross-section showing a band of void defects at a depth 
of -350 pm below the support surfaces. A decrease in defect frequency with increasing depth into support can
be seen, with a corresponding increase in defect size.
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Figure 3.13: SEM micrograph of Al fired-unground support cross-section. The surface region shows a smooth
profile without surface valley defects.
Fired-ground sections showed a rougher surface than fired-unground surfaces, with frequent valley 
defects occurring. There did not appear to be an increase in surface peak heights. The valley defects 
had similar dimensions to those seen internally both in fired-unground and fired-ground sections. 
Large void defects of up to~230 pm length and ~90 pm width were observed within all fired-ground 
sections, as shown in figure 3.14. There appeared to be no consistent defect distribution in all fired- 
unground sections, though some exhibited similar gradients of defect size and distribution to those 
observed in fired-unground sections. Closer inspection of the fired-ground surface showed a number 
of defects on or near the surface, the largest of which had a depth of ~60 pm, as shown in figure 3.15.
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Figure 3.14: SEM micrograph of Al fired-ground support cross-section showing internal void defects with ~ 230
pm internal defect highlighted.
Figure 3.15: SEM micrograph of Al fired-ground support cross-section showing surface valley defect (~60 pm
depth) and surface region showing void defects.
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Fired-ground cross-sections also exhibited the finescale particles seen in surface images of the same 
supports (figure 3.10). These particles were observed as accumulations compacted into the sintered 
microstructure as shown in Figure 3.16. The larger sintered support grains showed internal void flaws, 
though some may be simply the result of incomplete sintering between contiguous particles.
Figure 3.16: SEM micrograph of Al fired-ground support cross-section showing surface depth defect and 
accumulated fine scale particles compacted into microstructure.
The similarity between internal and surface void defects indicates that grinding exposes internal 
defects to the surface, while not causing significant damage to the surface structure. This is reflected 
in the valley nature of the defects seen and surface profilometry R values for fired-unground and fired- 
ground sections.
3 .3 .4 .6 . Energy D ispersive X-ray A n alysis
Energy Dispersive X-ray (EDX) analysis was carried out on the support tube cross-sectional samples 
used in SEM imaging. This was done in order to determine the distribution of magnesium aluminate 
spinel and magnesia within the substrate. The cross-sections analysed were both fired-unground and 
fired-ground support sections. Previous cross-sectional SEM micrographs shown in section 3.3.2.5 
showed a well-sintered microstructure with a low level of grain demarcation. Owing to the SEM 
apparatus lacking a backscattered electron detector to differentiate grains, elemental dot maps were 
produced. The resulting images were consistent with the microstructure expected from the powders 
previously analysed, with discrete regions of magnesia and spinel seen in all images.
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The spinel and magnesia phases were well dispersed within the microstructure for the fired-unground 
support, with phase regions corresponding to precursor powder particle dimensions. This can be seen 
in figure 3.17. Both phases showed high levels of sintering with each other. All dot map images 
showed that after sintering, the regions of magnesia and spinel remain distinct.
Figure 3.17: EDX dot map o f  surface region o f A l fired-unground support cross-section showing that spinel and
magnesia remain as distinct regions after sintering.
There were large contiguous regions of magnesia in the fired-ground support. The level of sintering 
between the phases can be noted from the comparison of figure 3.18 and 3.19 where the grain 
boundaries between spinel and magnesia are clearly distinguishable in the dot map, but less so in the 
SEM images of the same location.
In addition to the spinel/magnesia grains, high calcium content particles could be seen within the 
porous substrate (with dimensions up to 30 /xm). The presence of calcium within the powder is known, 
but the form of it as large particles was not previously noted. These particles showed high levels of 
silica. Figure 3.19 also shows an accumulation of fine scale particles compacted into the surface defect, 
similar to particles observed in section figure 3.16.
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Figure 3.18: EDX dot map of surface region of Al fired-ground support with distinct regions of spinel and 
magnesia. A high calcium concentration particle is highlighted.
Figure 3.19: SEM micrograph of figure 3.18 comparing spinel and magnesia region boundaries with visible 
microstructure. An accumulation of finescale particle can be seen compacted into the central surface valley 
defect. A -45 pm high calcium content particle is observable, as are smaller similar particles (red).
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The analysis of fired-ground surfaces was carried out as this is the surface onto which any cell or 
sealant layer must be applied. Figure 3.20 shows the results of an EDX analysis of the same location 
as figure 3.11. A homogenous distribution of magnesia and spinel grains can be seen. There were 
high calcium content particles to be observed, with a -45 /xm particle highlighted.
Figure 3.20: EDX dot map o f A l fired-ground support surface showing homogenous distribution o f spinel and
magnesia phases.
The cross-section element mapping of the fired unground and fired-ground substrates indicated that 
the spinel and magnesia phases within the support microstructure show no discernible variation or 
trend in distribution with regard to depth or surface direction. There appeared to be no discernible 
particles of high aspect ratio, contiguous regions appearing to be the result of individual particles 
sintering together. High calcium content particles with significant silica content were observed, the 
largest observed of which was -45 /xm in length. The effect of these particles within in the substrate is 
at present unclear but is expected to be insignificant.
3.3.5. Summary of Support Characterisation Results
Surface profilometry measurements showed significant differences in surface roughness values 
between fired-unground and fired-ground states. After grinding, Ra, Rv and Rt values increased in 
both the perpendicular and parallel directions, both in magnitude and standard deviation. The largest 
increase was observed in maximum valley depth, Rv, perpendicular to the extrusion/grinding direction. 
The Ra, Rt and Rku increases appeared to be due to this increase in Rv. Maximum peak height, Rp,
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did not change significantly in magnitude or standard deviation between all states. This suggests that 
valley defects were formed or exposed during grinding. No significant changes in R values between 
green and fired-unground surfaces were detected.
Mercury intrusion porosimetry showed the surface pore size distribution of fired-ground supports to be 
narrow with a median surface pore diameter of 2.31 ± 0.04 pm. A narrow distribution like this is 
preferred for ceramic membrane manufacture by dipping. Open/apparent porosity was -25% and did 
not vary significantly with surface state, with a slight increase noted between fired-unground and 
fired-ground states.
Archimedes porosity measurements gave open/apparent porosities of -22% with no significant 
increase in porosity after grinding. This open porosity value contrasts with the mercury porosimetry 
results, but may be due to the higher pressures used in the latter and possible microstructural damage 
resulting from these.
Surface void defects in fired-ground samples were observed using SEM. These voids exhibited high 
aspect ratios and were aligned with the direction of extrusion/grinding. These defects also had inkwell 
morphologies and dimensions of up to -570 pm in length and -160 pm in width. There were also 
finescale particles observed on the surface of fired-ground supports and accumulations of this debris 
were observed in surface defects.
Fired-unground and fired-ground SEM micrographs of support cross-section all showed internal void 
defects, the maximum dimensions observed being -230 pm by -90 pm. Fired-unground supports 
exhibited a band of void defects at a depth of —350 pm, equivalent to the depth sometimes reached by 
material removal during grinding. Few surface defects were observed in fired-unground supports and 
none comparable to fired-ground supports, where surface defect dimensions of up to 60 pm were 
observed.
EDX showed the support microstructure to be well sintered with a homogeneous distribution of spinel 
and magnesia. Occasional high-calcium content particles of up to 30 pm in dimension were also 
observed.
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Chapter 4 
Suspension Characterisation
4.1. Introduction
This chapter will begin by reviewing extant literature concerning zirconia suspensions. Important 
parameters affecting suspension rheology such as suspension additives, solids content and particle size 
distribution (PSD) will be covered. As part of preparation for dipping experiments, the selection and 
optimization of a dispersant for use in zirconia dip suspensions is also included.
4.2. Background to Zirconia Suspensions
4.2.1. Suspension Additives
Particle agglomeration induces variations in effective particle size within a suspension. 
Agglomeration also increases suspension viscosity, inducing changes in flow behaviour with an 
increase in dilatancy (shear-thickening). Another effect is density variations in deposited layers 
through variations in particle packing density. These variations in the wet green layer are often 
retained in the final fired layer. An uneven ceramic layer will result, leading to increased layer 
porosity, surface roughness and cracking. To prevent both agglomeration and layer defects such as 
cracks, pinholes and delamination, effective dispersion is necessary. This is achieved through the use 
of suspension additives.
In general, particle dispersion of low solids loading suspensions (<15 vol%) is achieved by 
electrostatic dispersion through the addition of acids or bases. These move the pH of a suspension 
away from the isoelectric point (IEP) of the suspension. This is the pH value at which suspension 
particles possess an overall surface charge of zero and therefore no inter-particle charge repulsion 
exists. Adjusting the suspension pH to above or below this value increases this repulsion, preventing 
agglomeration from occurring. For unstabilized zirconias, IEP values are between 4 and 6 (e.g. Lewis, 
2000). Several authors have investigated partially stabilized and fully stabilized zirconias, observing 
isoelectric points slightly higher with values between 6 (Moreno et al., 1988) and 7.4 (De Liso et al., 
1991). Lowering the pH of an aqueous YSZ suspension produces a rapid dispersion with pH decrease. 
This is signified by a rapid decrease in apparent viscosity as shown by the example in figure 4.1. For 
YSZ however, acidic pH values can lead to dissolution of yttria from particles into the liquid phase 
(Greenwood et al., 1998). Increasing the pH to a more alkaline value produces a more gradual 
reduction in suspension viscosity than an acidic pH. However, the pH value required for effective
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dispersion (>9) would then be too extreme for many commercial applications (Conley, 1996). 
Electrostatic dispersion is also more sensitive to suspension solids fraction and its efficacy decreases 
with increasing solids volume fraction.
pH
Figure 4.1: A pparent viscosities o f  8Y SZ suspensions as a function  o f  pH  and solids conten t (A fter A grafiotis,
T setsekou & Leon, 2000).
To avoid the complications involved with electrostatic dispersion, an electrosteric dispersant or 
deflocculant such as ammonium or sodium polymethacrylate ((NH4, Na)-PMA) can be used. This 
adsorbs onto particle surfaces, providing both electrostatic repulsion and a physical barrier. Unlike pH 
adjustment, such dispersants are less sensitive to particle volume fraction variations and allow higher 
particle packing densities to be achieved in slip-cast compacts (e.g. Conley, 1996, Tari & Ferreira, 
1998). Suspension viscosity is also significantly reduced for higher particle volume fractions and 
dilatant flow behaviour (shear-thickening) can be reduced. The effect of an electrosteric dispersant, 
ammonium polymethacrylate, on aqueous suspensions of differing 8YSZ solids content can be seen in 
figure 4.2. Here, dispersant-free suspensions show a large non-linear increase in viscosity with 
increased solids loadings. In contrast, addition of a polyacrylate dispersant produces a more linear 
increase in viscosity with increased solids loading, significantly reducing viscosity values for higher 
solids loadings.
For all dispersants, there is an optimum electrosteric dispersant concentration for coating of the 
suspension particles, above and below which particle agglomeration or flocculation occurs, the latter 
occurring through bridging by surplus dispersant between particles. This effect of dispersant loading 
on suspension viscosity can be seen in figure 4.3. The efficiency and stability of electrosteric
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dispersants combined with their tolerance of wide solids loading variations results in their 
widespread use in industry (e.g. Conley, 1996).
Solids Content (wt %)
F igure 4.2: E ffect o f  solids conten t and d ispersant (N H 4-PM A ) addition on slu rry  v iscosity  for 8YSZ 
suspensions (D 50 =  0.4 pm ) (A fter A grafiotis, T setsekou & L eon, 2000).
Weight % Dispersant
Figure 4.3: V iscosity  as function  o f  dispersant loading (A fter C onley  1996).
Other additives are important in the production of homogeneous dipped layers, Green layer integrity 
was discussed in section 2.6.3 with regard to stress relaxation during drying and subsequent heat 
treatment. This can be achieved by the use of a binder such as polyvinyl alcohol (PVA). The binder 
acts to increase the level of stress relaxation that can occur within the layer, resulting in an increase in 
critical cracking thickness (CCT). In relation to this, Chiu et al (1993) investigated the effect of PVA 
concentration on slipcast films produced from 20 vol% aqueous alumina suspensions. Increases in 
concentration were observed to have a significant effect on critical crack thickness (CCT) of a film in
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amounts up to 0.15 wt%, increasing it by up to 200%, i.e. an increase from ~50 pm to - 150 pm as 
seen in figure 4.4. Chiu et al also investigated zirconia layer CCTs and observed a reduced thickness 
value for equivalent particle size as compared with alumina. This was attributed to the low pH value 
of the suspension. Precipitation of dissolved alumina out of the suspension during drying allowed a 
degree of stress relaxation not replicated in similarly deposited zirconia layers. To apply the findings 
of Chiu et al to a zirconia layer would therefore require an upward revision of PVA concentrations 
required for equivalent CCT values.
Figure 4.4: E ffect o f  PV A  concentration  on the C CT o f  20 vo l%  alum ina suspension film s (AIC-HP Sum itom o 
pow der, m ean particle size 0.45 pm ) (A fter C hiu et al, 1993).
The effect of suspension additives is not limited to their primary function. Both polyacrylate 
dispersants and PVA affect dispersing liquid properties of surface tension and solid/liquid contact 
angle. For example, Levanen et al (2000 & 2001) investigated the addition of a polyacrylate salt, 
sodium polymethylacrylic acid (Na-PMAA), to 20 vol% alumina suspensions. For comparison, PVA 
suspensions of similar loadings were produced and stabilised by the addition of 3 mol% nitric acid.
For increasing concentrations of Na-PMAA, surface tension reduced slightly while 
suspension/substrate contact angle reduced more significantly. The result was an increased capillary 
pressure and layer growth through colloidal filtration as compared with a dispersant-free suspension 
(figure 4.5 (a)). For PVA suspensions, surface tension was reduced markedly but contact angle was 
unaffected, with a reduction in layer growth rate noted (figure 4.5 (b)).
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Layer Thickness [in]
Layer Thickness [m]
Figure 4.5: Build-up of alumina layers through colloidal filtration with different additive systems (fitted with 
second order polynomials). Slips with (a) Na-PMAA and (b) PVA additions. (After Levanen et al., 2000).
Levanen et al. observed that increased Na-PMAA loading increased suspension viscosity markedly in 
comparison to equivalent loadings of PVA, inducing pseudoplastic behaviour for high concentrations, 
while suspension viscosity was not significantly increased for <0.5 wt% loading as can be seen in 
Figure 4.6 (a). The electrostatically dispersed PVA suspensions showed lower increases in viscosity 
with increased concentration and retained Newtonian behaviour throughout (figure 4.6 (b)). The Na- 
PMAA suspensions showed higher levels of agglomeration than PVA suspensions. The difference in 
flow behaviour was attributed to this agglomeration. It is important to emphasize that dispersant 
loading optimisation is dictated by level of adsorption onto suspension particles and therefore particle 
surface area and solids content.
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Figure 4.6: V iscosity  o f  12wt% alum ina suspensions w ith (a) N a-PM A A  addition, (b) PV A  addition (A fter
L evanen et al, 2000).
Additive-free suspensions produced deposited layers with porosities of - 45%. PVA suspensions 
produced layers with increased porosities of 50%, while Na-PMAA suspensions produced layer 
porosities of -60%. In both cases, further increases in additive concentrations did not significantly 
increase the porosity of the deposited layers (figure 4.7). There was a difference between measured 
and theoretical layer permeabilities. This was attributed to agglomerates acting to reduce the effective 
surface area per unit volume solids of layer particles, thereby increasing layer permeability.
64
Chapter 4: Suspension Characterisation
100
Porosity of layers
80
o Na-PMAA Addition 
■ No Additives o PVA Addition__
^  60 -  -------J—*
20
0
0 4 6 8 10
Amount of Additive [g/lOOg water]
Figure 4.7: Porosity  o f  the cast layers having d ifferent additive system s. E rro r bars p resen t the deviation o f
porosity  values (A fter L evanen et al., 2000).
Increasing viscosity reduces the ability of a suspension to infiltrate surface features. Reduced surface 
infiltration will also reduce layer/substrate adhesion (e.g. Agrafiotis & Tsetsekou, 2000a-c, Cini et al., 
1991). Final dip suspension viscosity will therefore be a balance between deposited layer thickness 
and the level of defect in-filling achievable.
4.2.2. Solids Loading
The relationship between suspension viscosity and solids loading is complex, being influenced by 
particle size, shape and surface charge and dispersing fluid properties. As solids loading increases, 
viscosity increases but rarely in a linear Newtonian manner with an increase in dilatancy being the 
most common behaviour recorded. For a dip suspension, a high solids loading is desired to deposit a 
substantial layer covering substrate surface features. However, most zirconia dip suspensions 
produced so far have been of low solids content (-2-15 vol%) (e.g. Kim & Lin 1999, Xia et al, 2000). 
In these cases, the particles can be regarded as non-interacting spheres in a Newtonian fluid following 
the Einstein equation:
where qr is relative viscosity, qsusp is dynamic suspension viscosity, qci is dynamic dispersing liquid 
viscosity (often referred to as q), and f'p is the volume fraction of dispersed spheres in the suspension. 
Particle shape is accounted for by an apparent hydrodynamic shape factor, KH, which for spherical 
particles equals 2.5. The particle resistance to flow relates to Kh, which corresponds to the volume 
traced out by the particle as it rotates. For particles with an aspect ratio greater than one, this value 
exceeds 2.5. This property is also termed intrinsic viscosity (e.g. Amoros et al, 2002).
(4.1)
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Increased fines content (mean particle size < 1 pm) introduces Brownian effects, which randomise 
colloidal particle movements and interactions, increasing Kh. Particle agglomeration also increases the 
ICH value. As f'p increases above 0.05-0.1, viscosity increases dramatically and is better approximated 
by the Dougherty-Krieger equation:
Vr
rjsusp
Hi,
fU
Y J p
f°J cr
-KhC
(4.2)
where fIJcr (also referred to as Om )is the maximum particle volume packing fraction i.e. the fraction at 
which flow is blocked. This is determined experimentally by producing suspensions with increasing 
solids content until viscous flow is reduced to zero. The Doughty-Krieger model predicts an almost 
exponential increase in viscosity as solid volume fraction increases. Figure 4.8 (a) shows the effect on 
viscosity in the case of constant particle shape and different f ucr, values while (b) shows the effect on 
viscosity in the case of varied particle shape and a constant f”cr value. In the figures, KH is referred to 
as constant intrinsic viscosity, [ij].
0  (m3 solids / m3 suspension) O (m3 solids / in3 suspension)
Figure 4.8: Variation o f suspension relative viscosity with solids volume fraction \|/ according to Krieger model 
(equation 4.2) at (a) constant intrinsic viscosity tipi or ICH and (b) maximum packing fraction or f ucr. (After
Amoros et al., 2002).
4.2.3. Particle Size Distribution
The particle size distributions of dip suspensions for porous substrates reported so far have been 
narrow (e.g. Gu & Meng, 1999, Levanen et ah, 2000, Xia et al., 2000, Chang et al, 2004). Increased 
solids content of narrow distributions increases suspension viscosity significantly. A reduction in 
particle size also reduces wet layer permeability as can be shown by (2.10). The degree of packing 
density achievable with single particle sizes has a limit. Theoretical studies have shown that this is 
well-defined and of the order of-0.64 (e.g. Berryman, 1983, Jodrey & Tory, 1985).
To increase layer particle packing density, continuous or multimodal distributions are preferable. 
Bimodal distributions can significantly reduce suspension viscosity for an equivalent solids loading to
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a narrow distribution. For example, Greenwood et al. (1997) reported reduced viscosities for a 
bimodal distribution of 25:75 finexoarse particle volume fractions with size ratio of 1:7.9 (latex 
spheres, median particle sizes 434 nm and 55 nm). This was compared with equivalent volume 
fractions of the coarse and fine components individually, both components having narrow distributions. 
The viscosity curves of these suspensions at different solids volume fraction can be seen in figure 4.9. 
It is important to note that the suspension viscosity also increases with decreasing particle size for 
equivalent volume fraction.
For simple spheres, the ideal size ratio between fine and coarse particles is 1:6.46. This sets a limit to 
the ratio. Given the effects of particle morphology and surface interactions, the increased ratio found 
by Greenwood et al. was to be expected and correlates with previous work by other authors (e.g. 
McGeary, 1961). The weight fractions determined by McGeary for the random packing densities of 
metal spheres are shown in table 4.1, while the equivalent size ratios calculated are given in table 4.2 
The bimodal distribution ratio determined in table 4.2 (italics) and the optimal size ratio given by 
Greenwood et al calculated in latter indicate that for such a distribution, the optimum coarse/fine size 
ratio is >1:7.8 and volume ratio is -25:75.
Figure 4.9:. Relative viscosity o f the bimodal suspension against volume fraction compared to its constituent 
parts (at shear rate o f 1024 s‘ l). Composition 25% small particles by volume, diameter ratio 7.9. ■, Bimodal 
suspension; •, large polystyrene latex (434 nm); ▲, small PMMA latex (55 nm).
(After Greenwood et al., 1997).
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Table 4.1: Packing Density against weight fraction o f mixed spheres o f different size (After McGeary, 1961).
Diameter (cm) Packing 
Density (%)(weight fraction o f spheres)
1.28 0.155 0.028 0.004 Calculated Experimental
1.000 0 0 0 60.5 58.0
0.726 0.274 0 0 84.8 80.0
0.647 0.244 0.109 0 95.2 89.8
0.607 0.230 0.102 0.061 97.5 95.1
Table 4.2: Packing Density against sphere size ratios with smallest sphere dimension in mix given as 1 
__________________ (After McGeary, 1961).__________________
Diameter (cm) Packing 
Density (%)Size Ratios
1.28 0.155 0.028 0.004 Calculated Experimental
1.00 0 0 0 60.5 58.0
8.26 1.00 0 0 84.8 80.0
45.71 5.54 1.00 0 95.2 89.8
320.00 38.75 7.00 1.00 97.5 95.1
If a bimodal distribution is to be used in a suspension and layer thickness deposited is to be maximised, 
particle migration into the substrate must be restricted. This is done most effectively by limiting the 
breadth of the PSD and controlling the particle dimension of the major volume component of the 
suspension. This should be greater than median support pore diameter in order to promote cake 
formation as discussed in section 2.6.3. If fines are used to increase green body density, then their 
transport through the wet layer into the substrate during deposition must be reduced. Ideally, fines 
transport should be restricted to within the layer, clogging interstitial membrane voids before reaching 
the substrate. Such fines transport and internal cake clogging has been observed to occur during slip- 
casting, significantly increasing consolidated green layer density (e.g. Ferreira,1998).
The effect of particle size and shape on flow behaviour is also significant. Whereas most dispersing 
fluids can be considered Newtonian fluids, most suspensions exhibit non-Newtonian flow behaviour 
except for particle suspensions of low solids volume fraction where particle interactions are negligible 
(Conley, 1996). The flow behaviours of interest here are dilatancy (shear thickening), where 
suspension viscosity increases with shear rate, and pseudoplasticity, where suspension viscosity 
decreases with increasing shear rate. The former is typically associated with monodisperse particles 
(e.g. monomodal distributions), while the latter is commonly associated with suspensions containing 
non-attracting anisometric (high aspect ratio) particles. These anisometric particles orientate with flow 
direction under shear, reducing suspension viscosity. Practical experience indicates that a degree of 
pseudoplasticity is preferable to dilatancy for dip suspensions (Bonekamp, 1996).
The effect of particle size on green layer integrity during drying must also be considered. The work of 
Chiu et al (1993) covered this aspect and showed a direct relationship between particle size and CCT
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as illustrated by figure 4.10. The influence of material on CCT was also noted. Figure 4.10 shows 
how alumina films produced from narrow distribution suspensions exhibited higher CCTs than a 
zirconia film produced from a suspension of similar PSD. This difference was attributed to the 
dissolution of alumina in the acidic liquid phase (pH -3.5) followed by re-precipitation upon drying 
providing stress relaxation. For the unstabilized zirconia, no such mechanism existed, indicating that 
the adoption of Chiu et alls findings would require a downward revision of the CCT limit for an 
equivalent YSZ layer thickness. The incorporation of coarse particles of optimum size within a 
distribution should have the effect of increasing layer resistance to cracking while maintaining or 
increasing packing density.
t '.j.- O '■ II,4 (I •! •
A M  K A U  F A t a ' I C !  1 A I / T .  ( M ia o i is J
Figure 4.10: CCT o f suspensions o f alumina (x), zirconia (+) or latex (A) as a function o f average particle size
(After Chiu et al., 1993).
If a bimodal distribution is to be used, maintaining it within the dip suspension requires that particle 
segregation is minimised. These occur within a suspension or slip through gravitational sedimentation. 
This sedimentation is dictated by Stokes law:
v particle (fr7 particle Pdl )<?particle
(4,3)
where vparlicie is the velocity of the settling particle, panicle is density of the particle material, pdi is 
density of the dispersing liquid, g is acceleration due to gravity, DpartiCie is the particle diameter and pdl 
is the liquid phase viscosity. For high solids loading slips, sedimentation is reduced but only 
significantly when particle volume fraction > 0.5 (e.g. Velamakanni & Lange, 1991). The settling 
time of a spherical particle can be calculated using the equation below:
69
Chapter 4: Suspension Characterisation
t = i
E particle [.P particle PdI (4.4)
where H is the distance travelled and other terms are the same as in equation 4.3. For a 3 pm diameter 
YSZ particle (pparticie~ 6.05 xlO3 kg m'3) and a settling distance of 1 cm in deionised water, t is -400 s. 
With sufficient agitation or increased viscosity, sedimentation can be prevented. Careful stirring of 
the suspension is important to avoid air entrapment within the suspension. This reduces the 
homogeneity of the deposited layer microstructure (e.g. Bonekamp, 1996, Ferreira, 1998).
4.2.4. Specification of Ideal Suspension
The sealant layer required for the IP-SOFC support must be gastight and of a thickness that does not 
compromise subsequent screen-printing of cell layers. This places a thickness limit of -50 pm on a 
final sintered layer. The surface features that require coverage are maximum peak values, Rp of < 15 
pm and maximum valley values, Rv, of < 50 pm. The valleys appear to be caused by process defects 
that could be reduced in size and frequency, while surface peak dimensions were constant for all 
supports characterised. Therefore Rp should be taken as the characteristic surface feature of the IP- 
SOFC support. Taking into account the upper thickness limit and the Rp and Rv defect dimensions 
that require coverage, a minimum sintered layer thickness of 15 pm is required. It is preferable that 
this is increased to -30 pm in order to accommodate any unforeseen increases in peak heights. As 
solids volume fractions of dipped layers are < 0.5, this gives an maximum thickness limit for a 
deposited green layer of - 100 pm and a preferred minimum of - 60 pm.
The mean particle diameter should lie between the substrate surface pore dimension and the average 
surface peak dimension, Rp. The median support surface pore diameter is - 2.5 pm. These pores 
must be blocked or filled in to enable a homogeneous coating layer to be produced on the support and 
for improved layer adhesion. Particle diameters smaller than surface pore dimensions would only be 
permissible where suspension viscosity and solids content significantly restricts particle movement 
into the substrate.
In light of the above, the coarse component particle size of any dip suspension PSD should equal or 
slightly exceed this surface pore diameter of -2.5 pm. Coupled with the findings of Kawakatsu et al 
(1993) that a particle diameter slightly greater than surface pore diameter reduces permeability 
significantly, this indicates a particle size of —3 pm is desirable.
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If a bimodal distribution is considered, the optimum particle size ratio suggested by McGeary (1961) 
and supported by Greenwood et al (1997) is -1:8. To reproduce this particle size ratio with a coarse 
particle size of -3 |im would require a fine component fraction particle size of -0.35 pm. The 
difficulties in obtaining such particle size YSZ powders suggest that a 0.5 pm particle size may have 
to be used instead.
With suspension particle size limits defined, an ideal zirconia dip suspension requires well-dispersed 
particles with a balance between a low viscosity and as high a solids content as possible. The 
rheology of this suspension should be as close to Newtonian flow behaviour as possible for 
homogenous coating. Particle dispersion is best produced through use of an electrosteric dispersant 
such as ammonium polymethacrylate (NH4-PM A) as this is less sensitive to increases in solids volume 
content.
Increase in layer green strength through binder addition is required. More importantly, stress 
relaxation within the layer during drying must occur. This will increase the maximum layer that can 
be deposited without cracking. A low suspension binder concentration of PVA will achieve this. The 
first step in producing an ideal zirconia dip suspension is dispersant selection and optimisation, which 
is covered in the next section.
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4.3. Dispersant Optimization
4.3.1. Introduction
Steric, electrostatic and electrosteric dispersants were investigated to evaluate the suitability of each 
type. Aqueous solutions were produced using each dispersant and zirconia powder added to these 
suspensions. Suspension particle size analysis was then carried out to measure the level of particle 
dispersion. This was done using the laser diffraction method. Assessments were also made of 
suspension viscosity and general suspension production and stability. From these initial findings, an 
electrosteric dispersant showed most promise. Further electrosteric dispersants were acquired and 
underwent the selection process given above. A final preferred electrosteric dispersant, Dispex A40, 
was identified for use in dipping studies.
4.3.2. Suspension Production
4.3.2.1. Materials
Suspensions were produced from 3 mol% yttria-stabilized zirconia powder (MELOX-3Y, MEL UK 
Ltd, D50 particle size = 0.5 pm), tap water and different steric, electrostatic and electrosteric 
dispersants. A series of dispersant-free suspensions were also made of 5 wt%, 10 wt% and 20 wt% 
loadings. The first dispersants tested were Peptapon 52, Tri-ammonium citrate and HPA34 
respectively. Peptapon 52 (Zschimmer & Schwarz, Switzerland) is a steric dispersant. The mechanism 
of dispersion of this product is steric hindrance, where the noil-polar dispersant molecules coat the 
particles and form a physical barrier preventing agglomeration. Tri-ammonium citrate ((ISTLhCeHsO?, 
BDH Laboratories Ltd, UK) is an electrostatic dispersant which alters particle surface charge to 
increase inter-particle repulsion. For an electrostatic dispersant to function effectively, suspension pH 
must be controlled. However, no functioning pH meter was available at the time. HPA34 
(Uniquema/ICI Surfactants Ltd, UK) is a polymeric alkoxylate, or polyelectrolyte salt and electrosteric 
dispersant similar to the sodium polyacrylate considered in section 4.1.1 above. It was supplied in 
liquid form with no data on chemical composition.
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4.3.2.1. Preparation
The dispersants were mixed thoroughly with the water before the zirconia powder was added. All 
dispersants were added to water and magnetically stirred in a glass beaker. To aid dissolution/mixing, 
the solutions were placed into plastic milling jars and rollmilled. This continued until the 
powder/liquid was considered to be fully mixed/dissolved. If the dispersant dissolved or mixed 
instantaneously, roll-milling was still carried out for one hour.
For Peptapon 52 solutions, dispersant powder dissolution required 24 hours of rollmilling before 
zirconia could be added. For tri-ammonium citrate and HPA34, rollmilling of the solutions for one 
hour was sufficient to dissolve/mix the dispersant. After removal from the rollmill, all dispersant 
solutions were poured into glass beakers, magnetically stirred and measured masses of zirconia 
powder added as per tables 4.3, 4.4 and 4.5. The dispersant-free suspensions were produced at the 
same time and masses are given in table 4.6. Zirconia grinding media (ZrC>2 balls, 10 111111 diameter, 
TOSOH, Japan) were added and the bottles were placed on the roll-mill for a further 24 hours to 
remove agglomerates.
Peptapon 52 solutions were highly viscous, indicating that higher dispersant concentrations were 
unlikely to be suitable for dipping. Foaming was observed in HPA34 suspensions for concentrations 
> 0.5 wt%. Prevention/removal of this required the addition of octanol, an anti-foaming surfactant. 
This was viewed as undesirable for an effective easy-to-use dispersant.
Table 4.3: Composition o f Peptapon 52 suspensions.
Bottle No.
Mass values, g Wt% Solids 
loading
Dispersant 
concentration 
(Wt% of solids)
Peptapon 52 
series two Water Zirconia Total
1 1.01 ± 0.05 151.40 ±0.05 100.10 ±0.05 252.51 ±0.05 39.6 1.00
2 1.50 ±0.05 150.40 ±0.05 100.90 ±0.05 252.80 ±0.05 39.9 1.49
3 1.99 ±0.05 151.40 ±0.05 100.10 ±  0.05 253.49 ±0.05 39.5 1.99
4 2.49 ± 0.05 149.40 ±0.05 100.60 ±0.05 252.49 ±  0.05 39.8 2.47
Table 4.4: Composition of tri-ammonium citrate ((NH^QJHO?) suspensions.
Bottle No.
Mass values, g
Wt% Solids 
loading
Dispersant 
concentration 
(Wt% of solids)
Ammonium
tri-citrate Water Zirconia Total
5 0.50 ±0.05 149.10 ±0.05 100.0 ±0.05 249.60 ± 0.05 40.1 0.5
6 1.01 ±0.05 150.10 ±0.05 100.9 ±0.05 252.01 ±0.05 40.0 1.00
7 1.50 ±0.05 150.90 ±0.05 100.2 ±0.05 252.60 ±0.05 39.7 1.49
8 2.01 ±0.05 150.70 ±0.05 100.7 ±0.05 253.41 ±0.05 39.7 2.00
9 2.51 ±0.05 150.10 ±0.05 100.3 ±0.05 252.91 ±0.05 39.7 2.50
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Table 4.5: Composition o f HPA34 suspensions.
Bottle No.
Mass readings, g Wt% Solids 
loading
Dispersant 
concentration 
(Wt% of solids)HP A3 4 Water Zirconia Total mass
10 0.28 ± 0.05 75.22 ±0.05 20.30 ±0.05 95.80 ±0.05 • 21.19 1-4
11 0.51 ±0.05 75.69 ±0.05 19.90 ±0.05 96.10 ±0.05 20.71 2.56
12 0.76 ±0.05 75.54 ±0.05 20.40 ± 0.05 96.70 ± 0.05 21.10 3.72
13 1.01 ±0.05 75.49 ±0.05 20.00 ± 0.05 96.50 ± 0.05 20.73 5.05
14 1.02 ±0.05 75.48 ±0.05 20.40 ±0.05 96.90 ± 0.05 21.05 5.00
15 1.25 ±0.05 75.45 ± 0.05 20.50 ±0.05 97.20 ± 0.05 21.09 6.10
16 1.50 ±0.05 75.50 ±0.05 20.10 ±0.05 97.10 ±0.05 20.70 7.46
17 1.75 ±0.05 75.45 ± 0.05 20.10 ±0.05 97.30 ±0.05 20.66 8.70
18 2.01 ±0.05 75.29 ± 0.05 20.10 ±0.05 97.40 ± 0.05 20.64 10.00
Table 4.6: Composition o f dispersant-free control suspensions.
Suspension. Mass readings, g Wt% SolidsWater Zirconia Total mass
Control 5wt% 100.16 ±0.05 5.34 ±0.05 105.50 ±0.05 5.06
Control 10wt% 100.21 ±0.05 11.32 ±0.05 111.42 ±0.05 10.16
Control 20wt% 100.13 ±0.05 25.40 ±0.05 125.53 ±0.05 20.23
4.3.3. Suspension Particle Size Distribution Analysis
Agglomeration levels in all suspensions were measured using the laser diffraction method and 
apparatus described in section 3.2.4.1. The flow cell fluid used was tap water without dispersant. The 
results are presented in tables 4.6 and 4.7 below.
The dispersant-free suspensions showed significant agglomeration with a D50 particle size of - 4 pm 
for all loadings. This value increased as larger agglomerates formed as solids volume fraction 
increased from 5 wt% (~ 0.82 vol%) to 20 wt% (~ 3.95 vol%). Figure 4.11 shows how the majority of 
particle sizes were in the region of the D50 value. The size of the D90 standard deviation values for 
the 10 wt% and 20 wt% suspensions indicate the sporadic nature of > 100 pm agglomerates observed 
in these suspensions.
Of the dispersant suspensions, only two peptapon 52 slurries were sampled as it was clear that higher 
concentration suspensions exhibited viscosities unsuitable for dip suspensions i.e. these suspensions 
did not pour. These high viscosities, the -10 pm D50 values recorded and the D50 values measured 
for the dispersant-free suspensions showed that Peptapon 52 actually increased agglomeration and 
agglomerate size. Thus it was not a suitable dispersant for an aqueous zirconia suspension. The 
reductions in D50 values with increasing tri-ammonium citrate concentrations were promising, but 
there was a greater D50 values variation with these higher concentrations. HPA34 showed no 
consistent reduction but D50 values for concentrations greater than 1 wt% of suspension were all 
between 0.7 pm and 0.88 pm, indicating stability over a wider range of concentrations than tri­
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ammonium citrate. HPA34 had a larger effect on reducing D90 values, while tri-ammonium citrate 
was more effective in reducing DIO values.
Table 4.7: DIO, D50 and D90 particle sizes for dispersant-free MEL 3Y control suspensions o f 5 wt%, 10 wt% 
________ and 20 wt% solids loadings (with standard deviations)._________
Suspension D 10//m i D50 / /xm D90 / /xm
Control 5%wt mean 1.9 ±0.1 3.8 ±0.1 14.9 ±9.3
Control 10%wt mean 2.0 ± 0.1 4.0 ±0.3 300 ±510
Control 20%wt mean 1.8 ±0.3 4.5 ± 0.6 370 ± 340
Total mean 1.9 ± 0.1 4.1 ±0.3 230 ± 260
particle size I microns
Figure 4.11: PSDs o f dispersant-free MEL 3Y powder suspensions with solids loadings o f a) 5 wt%, b) 10 wt%
and c) 20 wt%.
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Table 4.8: Suspension dispersant concentrations and DIO, D50 and D90 particle sizes (with standard deviations)
Sample Name
Dispersant 
concentration 
(%wt o f 
suspension)
D 10/pm D50 / pm D90 / pm
Solids 
loading 
/ wt% o f 
suspension
Peptapon 52
Pept 52 bl mean 1.00 6.90 ± 0.40 13.30 ±0.80 23.80 ±1.60
Pept52 b2 mean 1.49 5.60 ± 1.20 12.20 ± 1.90 24.10 ±2.90
Pept52 b3 mean 1.99 Suspension too viscous for dipping
Pept52 b4 mean 2.47 tc
Tri-ammonium citrate
NH4 citrate b5 mean 0.34 0.84 ±0.02 1.44 ±0.01 2.40 ±0.10 40.10
NH4 citrate b6 mean 0.67 0.70 ±0.10 1.34 ±0.05 2.50 ±  0.10 40.00
NH4 citrate b7 mean 0.99 0.60 ± 0.40 1.10 ±0.40 2.20 ± 0.40 39.70
NH4 citrate b8 mean 1.33 0.20 ± 0.10 0.70 ±0.30 1.90 ±0.50 39.70
NH4 citrate b9 mean 1.67 0.30 ±0.30 0.70 ±0.50 2.00 ±0.50 39.70
HPA34
HP A 34 blO mean 1.4 0.50 ±0.10 0.80 ± 0.10 1.50 ± 0.10 21.19
HPA 34 b ll  mean 2.56 0.60 ± 0.10 1.10 ± 0.20 1.80 ±0.30 20.71
HP A 34 bl2 mean 3.72 0.80 ± 0.10 1.30 ±0.20 2.30 ±0.50 21.10
HPA 34 b 13 mean 5.05 0.72 ±0.02 1.30 ±  0.10 2.30 ±0.20 20.73
HPA 34 bl4 mean 5.00 0.66 ±0.05 1.10 ±  0.10 1.80 ± 0.20 21.05
HPA 34 b 15 mean 6.10 0.50 ±0.10 0.80 ± 0.10 1.40 ±0.10 21.09
HPA 34 b l6 mean 7.46 0.40 ±0.10 0.70 ±0.10 1.35 ±0.04 20.70
HPA 34 bl7 mean 8.70 0.50 ±0.10 0.90 ±0.20 1.50 ±0.20 20.66
HPA 34 b 18 mean 10.00 0.40 ±0.15 0.80 ± 0.10 1.50 ± 0.10 20.64
Sedimentation measurements were used to compare the tri-ammonium citrate and HPA34 suspensions. 
Given the initial stage of the investigations, no accurate measurements could be made of 
sedimentation levels but observations of the opacity of suspension samples over the course of a week 
showed that the tri-ammonium citrate suspensions settled far more rapidly than the HPA34 
suspensions. The former settled out in a matter of hours, while the HPA34 suspension took several 
days. Visual observation indicated that the tri-ammonium citrate suspensions possessed a far lower 
viscosity than the HPA34 ones.
It was observed that the re-dispersion of settled suspensions differed. Peptapon 52 gave veiy viscous 
but very stable suspensions and no settling was observed. Tri-ammonium citrate suspensions settled 
out very quickly but were very easily re-established upon agitation. HPA34 slurries would form a 
firm sediment of zirconia and dispersant that was more resistant to re-dispersion.
An assessment of dispersant type indicated that a steric dispersant such as peptapon was unsuitable for 
dip suspensions. The electrostatic tri-ammonium citrate suspensions showed a reduction in 
agglomeration at concentrations above 1.33 wt%. The lower D50 values at the higher levels indicated 
that potentially dispersion could be optimised. D90 values were greater than those produced using 
HPA34. However, the pH control required to maintain electrostatic dispersion and sensitivity to
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particle volume fraction indicates that an electrostatic dispersant would not be as practically 
favourable as an electrosteric dispersant, such as HPA34. The latter produced D50 particle sizes 
consistent across a range of concentrations, indicating a large margin for error in quantity of dispersant 
used. However, the foaming observed at higher HPA34 concentrations would promote pinhole defect 
formation within layers if used for a dip suspension.
To remove the need for an antifoaming agent and to identify substitutes for HPA34, other electrosteric 
dispersants were obtained. These were Rhodoline DP226/35 (Rhodia Ltd, UK), Hypermer KD6 
(Uniquema/ICl Surfactants Ltd, UK) and Dispex A40 (CIBA Specialty Chemicals Ltd, UK). All were 
supplied in liquid form. Rhodoline DP226/35 is a sodium polyacrylate with a low viscosity and high 
miscibility with water. Dispex A40 is an ammonium polyelectrolyte with a slightly higher viscosity 
than Rhodoline DP226/35 and similar miscibility. Hypermer KD6 was obtained from the same 
company as HPA34 and was of a similar as-supplied viscosity. For the suspensions, the same 
suspension wt% solids loading, water and grinding media masses and production process were used as 
with HPA34. Mixing of all dispersants into the tap water was rapid and the suspensions were 
ballmilled for one hour.
Similar behaviour to FIPA34 was noted for the higher concentration levels of KD6 (> 4 wt%).
Noticeable foaming occurred, the removal of which required the addition of octanol. This reduction in
surface tension created by ICD6 was not found in the other dispersants. Both Rhodoline DP226/35 and
Dispex A40 gave well-dispersed suspensions. The dispersant concentrations were varied and the DIO,
D50 and D90 particle size values measured are shown in tables 4.8, 4.9 and 4.10 below. From the 
results below, the most effective dispersant can be seen to be Dispex A40. This required the lowest
concentration for reduction in agglomerate level. It also produced a D50 value of 0.5 ± 0.1 pm, which
was the lowest D50 produced by any of the dispersants and closest .to the manufacturers’ quoted value.
The comparative efficacy of Dispex A40 is compared with the other dispersants in figure 4.12.
Table 4.9: DIO, D50 and D90 particle sizes for Rhodoline DP226/35 suspensions (with standard deviations).
Suspension Dispersant / wt% o f  solids D10 / pm D50 / pm D90 / pm
Solids loading 
/ wt% o f suspension
Rl aq mean 0.33 1.70 ±0.10 3.00 ±0.20 5.10 ±0.40 20.02
R2 aq mean 0.54 1.00 ±0.70 1.80 ± 1.20 3.00 ±2.00 19.84
R3 aq mean 0.80 0.80 ± 0.20 1.30 ±0.30 2.30 ±0.50 20.19
R4 aq mean 1.03 0.50 ±0.30 0.90 ±0.50 1.70 ±0.80 20.02
R5 aq mean 1.27 0.40 ±0.10 0.80 ±0.30 1.70 ±0.60 19.86
R6 aq mean 1.55 0.20 ± 0.10 0.80 ± 0.10 1.70 ±0.10 19.79
R7 aq mean ' 1.82 0.30 ±0.10 0.70 ±0.30 ,1.90 ±0.50 19.81
R8 aq mean 2.03 0.20 ± 0.10 0.70 ±0.30 1.70 ±0.50 19.71
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Table 4.10: DIO, D50 and D90 particle sizes for Dispex A40 suspensions(with standard deviations).
Suspension Dispersant / wt% o f solids D10 / pm D50 / pm D90 / pm
Solids loading 
/ wt% o f suspension
A40 0.50% 0.50 0.95 ±0.01 1.74 ±0.02 3.00 ± 0.02 39.47
A40 0.625% 0.64 0.90 ±0.10 1.80 ± 0.10 3.30 ±0.20 39.33
A40 0.75% 0.76 0.40 ± 0.30 1.00 ±0.50 2.30 ± 0.70 39.49
A40 0.875% 0.88 0.20 ± 0.10 0.70 ± 0.20 1.80 ±0.40 39.63
A40 1.00% 1.05 0.12 ± 0.02 0.50 ±0.10 1.40 ±0.10 39.04
Table 4.11: DIO, D50 and D90 particle sizes for KD6 suspensions.
Suspension Dispersant / wt% o f solids D10 / pm D50/ pm D90 / pm
Solids loading 
/ wt% o f suspension
KD6 0.50% 0.50 1.99 ±0.01 3.62 ± 0.01 6.44 ±0.01 29.74
KD6 1.00% 1.04 1.98 ±0.01 3.56 ±0.01 6.34 ±  0.03 29.77
KD6 1.50% 1.62 1.90 ±0.10 3.50 ±0.10 6.50 ±0.20 29.80
KD6 2.00% 2.09 1.80 ± 0.10 3.40 ±0.10 6.30 ± 0.40 29.30
KD6 2.50% 2.56 1.70 ±0.10 3.24 ± 0.05 5.90 ±0.10 29.37
KD6 3.00% 3.00 1.30 ±0.04 2.70 ±0.10 4.90 ±0.10 29.58
KD6 3.50% 3.48 1.10 ± 0.01 2.30 ±0.10 4.30 ± 0.20 29.10
KD6 4.00% 4.02 0.86 ± 0.04 1.60 ± 0.10 2.80 ± 0.20 29.37
KD6 4.50% 4.60 0.64 ± 0.02 1.05 ±0.04 1.71 ±0.10 29.35
KD6 5.00% 5.08 0.42 ± 0.04 0.80 ± 0.01 1.40 ±0.10 29.25
Figure 4.12: Further electrosteric dispersants: Graph showing D50 Particle size against dispersant wt% solids
loading.
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4.3.4. Summary of Dispersant Optimization
The optimization process looked at the three different types of dispersant; steric, electrostatic and 
electrosteric. The steric Peptapon 52 dispersant was unsuitable as it increased both level of 
agglomeration and agglomerate dimensions compared to dispersant-free suspensions. Both the 
electrostatic dispersant, tri-ammonium citrate and the electrosteric dispersant HPA34 produced D50 
particle sizes close to the manufacturer’s quoted value of 0.5 pm. The tri-ammonium citrate produced 
a lower mean D50 value but with higher standard deviation values than the HPA34. The latter gave 
consistent D50 values with low standard deviation values over a wider range of dispersant 
concentrations. The efficacy of agglomerate reduction over a wider range of dispersant concentrations 
and perceived ease of use indicated that HPA34 was a more effective dispersant.
The effectiveness of HPA34 in reducing agglomeration was measured against other electrosteric 
dispersants. From these, the dispersant shown to be most effective in reducing the level of 
agglomerates was Dispex A40, which required the lowest dispersant concentrations to achieve this. 
Dispex A40 also mixed well with water and produced no visible change in viscosity. Therefore it was 
selected as the dispersant to be used in further zirconia dipping experiments.
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Chapter 5 
Dip-coating Studies
5.1. Introduction
Production of green layers from zirconia suspensions is covered in this section. Initial dipping studies 
were carried out to gain an understanding of the experimental steps required to produce such layers. 
These studies provided data that were used in further iterations, the analysis of which allowed 
relationships between layer thickness, suspension viscosity and sample withdrawal velocity to be 
elucidated. The initial dipping studies were carried out before dispersant optimization was completed. 
As a result, the peptapon 52 dispersant used for these initial suspensions was later shown to be 
unsuitable. Further dipping studies incorporated the results of the dispersant optimization given in the 
previous section.
Supports used in the initial studies were manufactured by two different manufacturers, denoted 
henceforth as manufacturers A and B, using the same powder supplied by RRFCS. The supports 
produced by both companies were manufactured from the same powder batch and underwent similar 
grinding. Subsequent characterisation of these indicated no significant differences between the 
supports in surface roughness, dimensions or porosity. All further dipping studies were carried out 
using only manufacturer A supports.
5.2. Initial Dip-coating Studies
5.2.1. Sample and Suspension Production
IP-SOFC support tubes were cut into sample sections with the dimensions shown in figure 5.1. Each 
sample was marked with a dipping/immersion section. The samples were oven-dried in air at 60°C to 
remove water absorbed into the substrate during the cutting process. Sample identification was by a 
code identifying the support manufacturer, support state and number in series. For example, A01 
denoted a manufacturer A support sample 1, B03 a manufacturer B support sample 3.
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A
60 111111
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Figure 5.1: Schematic diagram showing the dimensions o f support dip samples.
The aqueous zirconia suspension was produced using 3 mol% yttria-stabilised zirconia powder 
(MELOX-3Y, 3 mol% yttria-stabilised zirconia, MEL UK Ltd, D50 particle size = 0.5 pm), tapwater 
and Peptapon 52 dispersant. The composition of the suspension is given in table 5.1. The Peptapon 
52 dispersant was added directly to the zirconia powder and mixed by shaking. The powder mixture 
was added to tap water and magnetically stirred in a glass beaker. This suspension was stirred for one 
minute before being decanted into a plastic milling jar containing zirconia grinding media (Zr02 balls, 
10 mm diameter, TOSOH, Japan). The suspension was then vibromilled for 18 hours.
Table 5.1: Dip suspension composition.
Material Mass / g Suspension wt% Suspension vol% *
MEL-3Y 200..3 39.8 9.85
Water 302.0 60.0 89.90
Peptapon 52 1.1 0.2(0.6 wt% of YSZ) 0.25
Grinding media 1336.5 - -
* calculated using densities o f  3YSZ as 6.05 Mg m"3, density o f water as 1 Mg m'3 and density o f Peptapon 52 of
1.3 Mg in3
5.2.2. Suspension Particle Size Distribution Analysis
After removal from the vibromill, the particle size distribution analysis (PSDA) of the suspension was 
determined using the laser diffraction method described in section 3.2.4.1. Small samples (~2 ml) of 
the suspension were extracted using a pipette, diluted in tap water in a glass bottle, shaken vigorously 
for a minute and then added to the circulating flow cell fluid (dispersant-free tap water). It can be seen 
from table 5.2 that the mean D50 particle size of 12.1 pm was greater than the manufacturer’s quoted 
D50 of 0.5 pm. Figure 5.2 shows the PSD with a peak at -12 pm and a spread between 2 pm and 40 
pm. A smaller peak in the distribution is also visible at -1 pm. This indicated that significant particle 
agglomeration had occurred.
A Holding
section
Section to
be dipped
\/
< >
Support width
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Table 5.2: DIO, D50 and D90 particle sizes for initial dip suspension.
Sample DIO / /xm D50 / /xm D90 / /im
1 6.2 12.1 22.0
2 5.3 11.1 21.4
3 6.7 12.9 23.3
4 6.3 12.3 22.2
Mean (± std dev) 6.1 ±0.6 12.1 ±0.7 22.2 ±0.8
particle size I microns
Figure 5.2: PSD o f  aqueous 3YSZ dipping suspension dispersed using 0.55%wt Peptapon 52.
5.2.3. Layer Production
To assess the effect o f  repeated dip-coating application, each support tube sample was dipped and 
dried 1, 3 or 7 times before a final sintering heat treatment. Six samples were selected for each 
treatment. The sample immersion time was 5 seconds while insertion and withdrawal times were 1 
second. The latter was later increased to 2 seconds. The dipped samples were withdrawn and held in 
a vertical position for twenty seconds before inverting and placing in a rack as shown in figure 5.3. 
The holding time was increased after six dips from twenty seconds to thirty seconds owing to the 
suspension dripping back down the dipped surfaces during drying. This will be referred to as 
“ dripback” .
This “ dripback” was a result o f  the following. Firstly, suspension drained down the sample surface 
after withdrawal from the dipping bath. The removal o f  the sample from the dipping bath prevented
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further drainage from the bottom of the sample into the dipping bath leading to the suspension 
collecting on the bottom of the sample. Meanwhile the dispersing liquid drained away from upper 
sections, leading to partial drying of these regions. Upon inverting in the drying racks, the unabsorbed 
suspension flowed back down from the bottom of the sample and over the partially dried upper 
sections, leading to prominent drip marks, or “dripback”. These drip marks thickened the coatings in 
an uncontrollable manner.
The samples were oven-dried in air at 60°C after each dipping step. Density readings of the slurry 
were taken after every six dips to measure any change in the solids loading of the suspension. No 
change in suspension density was noted throughout the dipping. The dip suspension was not 
replenished during the dipping process, leading to a gradual reduction in volume during the 
experiment. Suspension temperature measurements gave a mean value of 15.4°C over the course of 
the experiment.
Dipped ends
Figure 5.3: Schematic diagram of sample holding (and firing) rack.
Upon completion of the dipping, the samples were dried for a final time and weighed. The samples 
were placed in a furnace and underwent a full zirconia electrolyte sintering cycle. This involved 
sintering at 1400°C with a dwell period of one hour followed by gradual cooling to room temperature.
5.2.4. Layer Characterization
5.2.4.1. Water Drop Testing
Coating permeability was tested by placing a water drop on the coating surface and measuring the time 
taken for the drop to be adsorbed. This was used as a rough indicator of the gas-tightness of the 
coating. The results of all dipped coatings are given in table 5.3. The water droplet adsoiption times 
for all layers were low (-2-10 s), indicating that all layers were highly permeable. The longest time 
taken for a water droplet to be adsorbed by a coating was 23 seconds and few times exceeded 10 
seconds. The mean drop adsorption time was 3 seconds.
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Table 5.3: Water drop adsorption times for 1, 3 and 7 dip-dry step dipped coatings.
1 dip-dry 3 dip-dry 7 dip-dry
Sample Mean 
time / s
Sample Mean 
time / s
Sample mean 
time / s
Sample Mean 
time / s
Sample Mean 
time / s
Sample Mean 
time / s
BI 1 6 A07 1.9 B04 8.4 A04 2.1 B07 1.6 A01 1.4
B02 5.4 A08 1.7 B05 4.2 A05 1.4 B09 1.9 A02 1.3
B03 4.2 A09 2.4 B06 5.2 A06 1.7 BIO 1.6 A03 1.2
Average 3.2 2.0 5.9 1.7 1.7 1.3
5.2.4.2. Light Microscopy and Visual Examination
Images were taken o f  all dip-dried samples before sintering. Notable features to be observed were 
extensive crack networks (crack widths up to 5 gm  wide) and delamination in the 7-dip-dry samples as 
shown in figure 5.4. 1-dip-dry and 3-dip-dry samples showed few such defects.
Figure 5.4: Light micrograph o f  a B support after 7 dip-dry coating steps showing a surface crack
network.
Images were produced o f  sintered coatings. The 1 -dip-dry specimens showed very consistent coatings 
with few defects visible. Slight cracking was observed in regions o f  increased layer thickness, and 
seen most clearly on the areas where the “ drip-back”  thickening effect had occurred as highlighted in 
figure 5.5. Coating surface appearance was observed to vary with thickness as shown in figure 5.6, 
with the thicker “ dripback”  regions appearing rougher due to observable cracking and delamination.
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Figure 5.5: Photograph o f  B support (B03) 1 dip-dry step, sintered coating with “ dripback “ surface 
cracking clearly visible in highlighted region (red).
Figure 5.6: Photograph o f  A  support (A08) 1 dip-dry step, sintered coating with cracking visible in 
regions o f  “ dripback “ , while upper regions without such “ dripback”  are crack-free.
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Cracks and crazing were observed in 3-dip-dry coatings such as in figure 5.7. These cracks were 
particularly observed in the regions o f  increased layer thickness caused by “ drip-back” . The B support 
samples displayed more consistent coatings with some crack networks. The A  samples showed more 
extensive crazing covering the majority o f  the coating surfaces. Occasionally, delamination was 
observed as highlighted in figure.5.9.
The “ dripback”  effect was significant in all multiple dip-dry step coatings. This effect became more 
pronounced with increasing number o f  dip-dry steps and is probably due to a reduction in substrate 
permeability during dipping. This resulted in the water within the suspension coating not being 
absorbed as quickly into the sample after withdrawal from the dipping beaker. A  greater volume o f  
suspension would collect on the bottom o f  the sample and remain liquid for longer. Upon inversion for 
drying, more prominent drip marks would result.
Figure 5.7: Photograph o f  B support 3 dip-dry step, sintered coating (B04) showing delamination and 
cracks in “ dripback”  regions, while regions free o f ’’dripback” exhibited few such defects.
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Figure 5.8: Photograph o f  A  support (Ag06) 3 dip-dry step, sintered coating exhibiting delamination 
(red) and cracks in “ dripback”  regions as observed in all such coatings.
Coatings o f  the 7-dip-dry samples were observed to have cracked and delaminated in some areas, with 
flaking being more pronounced toward the bottom o f  the dipped sections. All supports exhibited layer 
delamination in varying degrees. The highest levels o f  delamination were observed on the B support 
sample BIO shown in figure 5.9 where the coating has broken up into ~  5 mm flakes. While 
significant delamination occurred in the A  support coatings such as that shown in figure 5.10, B 
support coatings showed a slightly higher level o f  cracking.
It was observed that the reduction in layer thickness towards the undipped section was associated with 
a reduced level o f  cracking. These regions did not experience the full seven dip-dry steps. As the total 
dip suspension volume reduced with increasing number o f  dippings made during the experiment, later 
dipping immersions did not cover these regions. The effect o f  this is seen in figures 5.9 and 5.10 
where “ immersion”  lines can be seen.
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Figure 5.9: Photograph showing coating delamination and cracking in B support 7 dip-dry step 
sintered coating with 5 mm flakes and severe cracking to be observed in lower dipped section. 
“ Immersion” lines are visible marking the maximum extent o f  dipping immersion with increasing
dip-dry steps.
Figure 5.10: Photograph showing coating delamination and cracks in A  support 7 dip-dry step sintered 
coating. Delamination is to be observed in lower dipped sections, while “ immersion”  lines can be
observed away from the dipped end.
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5.2.4.3. Scanning Electron Microscopy
Owing to the low quality o f  the 3-dip-dry and 7-dip-dry coatings as observed during water drop testing 
and visual examinations, no further analysis o f  these coatings was carried out. The single dip-dry 
supports showed more promise for future work. Samples were cut from a single dip-dry coated A 
support, sample A07 and both surface and cross-section images were produced.
Surface images o f  the planar surfaces o f  the support showed a varied surface pore size distribution 
with occasional pinhole defects up to ~10 /xm in dimension as can be seen in figure 5.11. Defect 
distribution appeared random with smaller interconnected -5  /xm defects observed. A  non-uniform 
packing structure was also observed within the sintered layer. Closer analysis o f  defects such as 
shown in figure 5.12 indicated that the depth o f  layer penetration by such defects was significant. A  
web-like microstructure could also be discerned in and around these defects. At higher magnifications, 
smaller sintered -0 .5  /xm particles were observed as shown in figure 5.13. This dimension is consistent 
with the manufacturer’ s stated D50 particle size. The neighbouring sintered regions suggested that 
preferential sintering o f  particle agglomerates in the dipped layer had occurred. This is supported by 
the non-uniform pore size distribution shown in figure 5.11 and the agglomerates detected in during 
PSDA. No surface cracks were detected on any planar surfaces.
Figure 5.11: SEM micrograph o f single dip-dry step sintered coating (A07) surface taken using 15 kV 
accelerating voltage. A broad and uneven surface pore size distribution is visible with several -  5 /xm defects 
visible. The largest defect observed was -  10 /xm in size (red).
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Figure 5.12: SEM micrograph (15 kV accelerating voltage) o f single dip-dry step sintered layer illustrating web­
like microstructure within the sintered layer.
Figure 5.13: SEM micrograph o f single dip-dry step sintered layer showing finescale particles o f ~0.5 /xm size on 
layer surface. The layer microstructure appears to result from powder agglomerates sintering together.
In contrast to the planar surfaces, support edges showed significant surface cracking such as shown in 
figure 5.14. This cracking appeared to penetrate far into and through the layer. The increase in crack
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dimension away from the curved section o f  the support indicates that the coating internal stress was 
higher in such locations.
Figure 5.14: SEM micrograph montage o f single dip-dry step sintered coating (A07) showing coating cracks
across support edge width.
Cross-section images o f  the single dip-dry-fired layer showed a high level o f  integrity, layer-support 
adhesion and support surface planarisation at the micrometre scale as shown in figures 5.15 and 5.16. 
The thickness o f  the dipped layer was in the region o f  -15 -20  Jim. This correlates with the D50 value 
o f  12.1 ±  0.7 jam measured by PSDA, indicating that a single layer o f  agglomerates was deposited 
during the dipping. Layer pore structure appeared interconnected with pore diameters < 1 |im as seen 
in figure 5.17. The well-sintered layer microstructure indicates that the porosity is largely a result o f  
initial particle size and packing density.
Figure 5.15: SEM micrograph (15 kV accelerating voltage) showing the cross-section through a single dip-dry 
step, sintered coating on both sides o f an A support (A07). A high level o f coating adhesion to the support
substrate can be observed.
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Figure 5.16: SEM micrograph (using 15 kV accelerating voltage) o f single dip-dry step sintered coating showing
planarisation o f sample surface by the dipped layer.
Figure 5.17: SEM micrograph (using 15 kV accelerating voltage) o f single dip-dry step sintered coating. The 
pore structure is interconnected and pore dimensions are o f < 1 gm.
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5.2.5. Summary of Findings from Initial Dip-coating Studies
The dip suspension produced for this series of experiments showed a high level of agglomeration with 
a D50 particle size of-12 pm, significantly higher than the manufacturers quoted D50 of 0.5 pm. The 
dip-coatings produced in this experiment were of variable quality.
Observed coating integrity and adhesion was highest in single dip-dry coatings. The higher the 
number of dip-dry steps, the greater the incidence of crazing and delamination in the sintered coatings. 
The wet suspension dripped down the sample surface during drying, producing variable coat thickness. 
This “drip-back” effect was more pronounced with increasing number of dip-dry steps, contributing to 
the increased cracking observed. The reasons for this dripping appeared to a combination of low dip 
suspension viscosity and a reduction in dispersing fluid transport rate into the porous substrate. The 
latter was the result of the deposited layer reducing sample permeability as discussed in section 2.6.3. 
The particles deposited during previous dippings form a layer with a lower permeability than the 
substrate. This retards the adsorption of the dispersing fluid through/into the layer/substrate surface so 
the suspension coating remains fluid for an increased period after withdrawal from the dipping beaker. 
Upon inversion and placement into the drying rack, unabsorbed suspension is then able to drain down 
the sample during drying.
Water drop adsorption tests indicated high levels of permeability for all coatings tested. The layer pore 
structure observed in micrographs indicated that preferential sintering of agglomerates had occurred, 
with smaller sintered grains of -0.5 pm dimensions to be seen on the surface of larger sintered grains.
Future dip suspension will require significant reduction in agglomerate level and prevention of 
suspension “drip-back” down coated surfaces. The former can be achieved by use of a more 
appropriate dispersant than Peptapon 52 optimised to disperse the 3YSZ powder more effectively. A 
drainage profile within the dipped coating as expected from film coating literature appears 
unavoidable, but prevention of “dripback” can be achieved by drying the samples in the same 
orientation as they were dipped and by reducing the number of dip-drying steps.
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5.3. Further Dip-coating Studies
5.3.1. Overview
Combining the optimised dispersant data from section 4.3 and the findings of section 5.2, further dip 
suspension studies were carried out. From the literature reviewed in section 2.6, film coating was 
shown to be the most directly controllable of the two coating mechanisms. The important parameters 
affecting suspension coating thickness by this mechanism are suspension solids volume fraction, 
suspension dynamic viscosity (or apparent viscosity), suspension density and withdrawal velocity. 
Solids volume content directly affects the first three parameters. Therefore, aqueous zirconia 
suspensions of different volume solids content were produced with different withdrawal velocities 
used during the experiments.
Zirconia powders of two different PSDs were used to produce two series of suspensions. Varying the 
D50 particle size was expected to affect three properties. Firstly, the level of particle ingress into the 
substrate if a D50 particle size was lower than the median surface pore dimension (Dpavticle < Dpore). 
Secondly, suspension viscosity (in addition to solids content variation) and thirdly, resistance of a 
deposited layer to cracking during drying. For the last, a coarser PSD is expected to increase this 
cracking resistance in line with section 4.2.3.
A third series of suspensions with the same solids volume loadings was also produced by mixing the 
first two suspension series. This was to increase layer packing density by producing a bimodal 
distribution and maintain resistance to cracking during drying through the coarse particle fraction.
Particle size distribution analysis (PSDA) and viscosity measurements of all suspensions were carried 
out. The suspensions were then used to apply single dip-coated layers on cut samples of ground Al 
IP-SOFC supports. The dipped green layers were dried and analysed using light microscopy and 
scanning electron microscopy (SEM). It was decided to examine dried dip coatings rather than 
sintered coatings as the initial dip coating thicknesses, packing structure and defects formed would 
then reflect the suspension properties more directly. In particular, the integrity of the coatings could 
be more directly related to drying mechanics. This would enable an initial set of parameter limits to 
be defined to inform any future work involving sintered coatings.
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5.3.2. Sample and Suspension Production
Dipping samples were cut from full Al supports to the dimensions shown in figure 5.18, these samples 
were transverse sections of the supports with the longest dimension corresponding to the support width. 
Each sample was marked with a dipping/immersion section. The samples were oven-dried in air at 
60°C to remove water absorbed into the substrate during the cutting process. Once dry, the samples 
were ultrasonically cleaned in acetone for 15 minutes, dried as before and labelled.
The labelling system used a sample identification code. This code described the suspension series, the 
solids content and the withdrawal velocity used during dipping of a particular sample. As three 
samples were dipped for each combination of parameters, the letters A, B and C were also used for 
further differentiation. After being labelled, the samples were weighed, masses recorded, and placed 
into a desiccating chamber.
60 mm 
(support 
width)
A
Section
to be
dipped
V
A
50 mm
V/
<-
20 mm
Figure 5.18: Schematic diagram o f the dipping sample showing dimensions.
The zirconia powders selected for use in the dip suspensions were MELOX 3Y as used in section 5,2 
above (3 mol% yttria-stabilised zirconia, MEL UK Ltd) and Unitec FYT13 0-2-3.5H (8 mol% yttria- 
stabilised zirconia, Unitec Ceramics Ltd, UK). The manufacturer’s stated D50 particle sizes for these 
powders were 0.5 pm and 3 pm for MELOX-3Y and Unitec FYT13 respectively. Both 3 mol% and 8 
mol% YSZ was used through necessity as there was no available 3YSZ powder with a D50 particle 
size close to 3 pm. Dipping mechanics are primarily affected by particle geometry, solids loading and 
similar physical properties, rather than particle material properties. The differences between 3YSZ 
and 8YSZ material properties such as density, chemistry and surface charge are likely to be 
insignificant in comparison to the previous factors, once a stable well-dispersed suspension has been 
produced.
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The supplied dry powders differed in visual appearance. The M ELO X-3Y powder consisted o f  both 
fine powder and ~1 mm agglomerates. The Uni tec FYT13 powder was o f  a more even appearance, 
free o f  observable agglomerates. SEM morphological studies were carried out on powder samples 
dusted onto carbon tape attached to aluminium stubs. Images produced o f  uncoated samples viewed 
using a 3 kV accelerating voltage as per the M M A  powder characterisation in section 3.2.4 were o f  
low quality. To improve image quality, the samples were gold coated and viewed using a 25 kV 
accelerating voltage. The M ELO X-3Y particles were fine but > 2000x magnification images were o f  
low quality, with individual particles difficult to discern. Particle agglomerates o f  up to ~ 15 pm were 
observed as highlighted in figure 5.19. These agglomerates were considerably smaller those observed 
visually in the dry powder and appeared the result o f  residual moisture within the powder. Analysis o f  
the Unitec FYT13 powder gave clear images o f  the constituent particles, showing that a significant 
number o f  particles were greater than 5 pm in length with varied aspect ratio. Examples o f  these can 
be seen in figure 5.20. Most particles observed were equiaxed. Agglomerates o f  both finescale 
particles and coarse particles were observed.
x 5  . 0  P m 0 4 3 4  1 2 - 0 2  1 5 : 5 22  5  k V 2
Figure 5.19: SEM micrograph o f  MELOX-3Y powder (manufacturer’s quoted D50 size = 0.5 pm). 
Agglomerates o f  < 15 pm (red) can be seen. < 1 pm finescale particles can be seen clearly, but higher 
magnification images were not o f adequate clarity to assess the aspect ratio o f  individual particles.
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Figure 5.20: SEM micrograph o f Unitec FYT13 powder showing coarse particles with dimensions > 5 gm and 
finescale particles < 1 gm. Particle agglomerates can be seen in the left hand region o f  the image, with high
aspect ratio coarse particles also visible (yellow).
The first suspension series was produced using the 0.5 gm M ELO X-3Y powder, the second series 
used 3 gm  Unitec FYT13 powder, while the third series used 1:3 mass ratios o f  the 0.5 gm and 3 gm  
powders in suspension. The latter suspension series will henceforth be denoted as 25/75. Solids 
loadings were 20%, 30% and 40%  volume fractions. Dispex A40 dispersant and Polyvinyl Alcohol 
(PVA) binder loadings were 1 wt% and 0.5 wt% o f  Y SZ mass respectively. During mass 
measurements, two balances were required. One balance was used for water, dispersant and PVA 
masses and was accurate to 50 gg up to a mass limit o f  320 g. For larger Y SZ  masses measured in 
200 ml glass beakers, a larger scale accurate to 0.05 g was used. The masses used in production o f  the 
suspensions are given in tables 5.4 and 5.5.
Table 5.4: 0.5 gm (MELOX 3Y) suspension compositions
Suspension YSZ/g H20/g Dispex A40 
/g
PVA/g Total mass 
/g
Suspension 
density / kg
m'3
Volume / 
ml
0.5-20 vol% 200.1 130.0 2.15 1.01 333.3 2017.8 165.2
0.5-30 vol% 270.8 100.9 2.82 1.53 376.0 2536.7 148.2
0.5-40 vol% 420.4 100.0 4.22 2.38 527.0 3039.4 173.4
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Table 5.5: 3 pm (Unitec FYT13) suspension compositions.
Suspension YSZ/g H20/g Dispex A40 / g PVA/g
Total 
mass / g
Suspension 
density / kg 
m'3
Volume / 
ml
3-20 vol% 200.2 130.1 2.03 1.05 333.4 2018.2 165.2
3-30 vol% 270.5 100.4 2.73 1.63 375.2 2542.1 147.6
3-40 vol% 420.2 100.2 4.32 2.12 526.9 3035.2 173.6
The 0.5 pm and 3 pm suspensions were produced using the following procedure. Dispex A40 masses 
were added to deionised water in a glass beaker and magnetically stirred. PVA was added in the 
required mass to each Dispex A40 solution and magnetically stirred for one minute until fully mixed. 
YSZ powder masses were added, the suspension again stirred for a minute before decanting into a 
plastic milling jar containing zirconia grinding media (Zr02 balls, 10 mm diameter, TOSOH, Japan).
The addition of PVA to the Dispex A40 solutions produced significant foaming. This reduction in 
surface tension was also noted by Levanen et al (2000 & 2001) and discussed in section 4.2.1. With 
addition of the YSZ, the foaming reduced slightly in all 20 vol% and 30 vol% suspensions. 
Eliminating the foaming required the addition of five drops of octanol, a surfactant, to all 30 vol% 
suspensions and three drops of octanol to all 20 vol% suspensions. All 40 vol% suspensions showed 
no surface foaming so no octanol addition was required. The suspensions were then ballmilled for an 
hour. PSDA measurements were then made. Agglomerates were detected in all 0.5 pm and 3 pm 
suspensions, therefore these suspensions were ballmilled for 12 hours overnight. Following this, 
PSDA of the suspensions indicated that full dispersion had been achieved.
To ensure complete mixing of the 0.5 pm and 3 pm powders to form the 25/75 suspensions, fully- 
dispersed 0.5 pm and 3 pm suspension masses were combined in the required quantities as given in 
table 5.6. The resulting suspension was ballmilled for one hour on a low rotation setting to ensure 
complete mixing of the two suspensions. PSDA was then carried out on samples of these suspensions.
Suspension 0.5-20 vol% / g
0.5-30 
vol% / g
0.5-40 
vol% / g
3-20 
vol% / g
3-30 
vol% / g
3-40 
vol% / g
Total 
mass / g
Volume
/ml
25/75-20 vol% 40.3 - - 121.1 - - 161.4 80.0
25/75-30 vol% - 60.2 - - 180.1 - 240.3 94.6
25/75-40 vol% - - 89.7 - - 270.4 360.0 118.6
5.3.3. Suspension Particle Size Distribution Analysis
Suspension PSDA was carried out using the laser diffraction method, apparatus and sampling method 
mentioned previously in section 5.2.2. Pipetted samples of each suspension were diluted in deionised 
water and added to the circulating flow cell fluid (deionised water, no dispersant) 5 PSD 
measurements of 4 seconds duration were taken 30 seconds apart. The results of the five readings
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were combined to produce a mean average reading. Three measurement runs were completed and a 
final mean average calculated for each suspension. Standard deviations were calculated from these 
mean values.
Each suspension produced D values consistent between runs as defined by ISO 13220. All the 0.5 pm 
and 3 pm suspensions of identical powders produced significantly differing D values with different 
solids content. The differences between these D values generally exceeded the standard variation in 
measurements of each suspension. This difference was not expected but may be due to a variety of 
factors, such as suspension production steps, dispersant levels or the PSDA sampling process. 
Experience with the MMA PSDA optimisation process suggests that a considerable amount of work 
would be required to produce a verifiably consistent sampling process to eliminate this as a factor.
The 0.5 pm (MELOX-3Y) suspensions gave D50 particle size results significantly less than the 
manufacturers stated D50 of 0.5 pm. While the 0.5-20 vol% and 0.5-30 vol% suspensions gave results 
indicating a high level of dispersion, the 0.5-40 vol% suspension PSDA indicated the presence of-10 
pm agglomerates as shown in figure 5.21. This indicated that dispersant concentration and the 
ballmilling process were not optimal for this suspension loading. PSDA of the 3 pm (Unitec FYT13) 
suspensions indicated that the powder was well dispersed. If had also not been recognised that the 
spread of the PSD was as wide as it was. The 25/75 suspension analysis showed the PSD had an 
increased proportion of fines as expected, only the width of the Unitec FYT13 powder prevented any 
distinct bimodal distribution being apparent. For the 0.5 pm and 3 pm suspensions, the D50 particle 
sizes were close to those defined in the ideal suspension specification in section 4.2.4. The D50 
particle size ratios of the mixed 0.5 pm and 3 pm suspensions used to produce 25/75 suspensions were 
1:7.2, 1:6.9 and 1:8.2 for 20 vol%, 30 vol% and 40 vol% suspensions respectively.
Table 5.7: Suspension PSD D10, D50 and D90 values -  0.5 pm, 3 pm and 25/75 suspensions
(with standard deviations)._______________
D values
Suspension D10/pm D50 / pm D90 / pm
0.5-20 voi% 0,124 ±0.009 0.430 ±0.010 1.360 ±0.010
0.5-30 vol% 0.131 ±0.003 0.439 ± 0.006 1.376 ±0.005
0.5-40 vol% 0.103 ±0.002 0.368 ±0.001 1.430 ±0.020
3-20 vol% 0.890 ±0.050 3,100 ±0.080 7.200 ±0.100
3-30 vol% 0.851 ±0.040 3.020 ±0.050 6.900 ±0.300
3-40 vol% 0.840 ± 0.070 3.000 ±0.100 6.800 ±0.100
25/75-20 vol% 0.470 ± 0.002 2.179 ±0.002 6.361 ±0.001
25/75-30 vol% 0.458 ±0.001 2.246 ± 0.005 6.370 ±0.010
25/75-40 vol% 0.463 ± 0.002 2.210 ±0.009 6.360 ± 0.020
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particle size / micrometres
 0.5-20 vol% 0.5-30 vol%0.5-40 vol% 3-20 vol% 3-30 vol% 3-40 vol%25/75-20 vot% 25/75-30 vol% 25/75-40 vol%
Figure 5.21: PSDs o f 0.5 /xm, 3 /xm and 25/75 suspensions.
5.3.4. Suspension Rheology
For suspension dynamic viscosity measurement, the apparatus used was a Brookfield DV-III+ 
Rheometer employing a cone viscometer externally controlled by a PC running Brookfield Rheocalc 
32 software. The cone viscometer used was a CP41 cone and cup combination. The measurement 
temperature was set at 25°C. 2 ml o f  each suspension was syringed into the centre o f  the cup and the 
cup brought up to the cone and secured. For all runs, the sample suspension temperature was brought 
up to the required 25°C during a five minute delay before measurements began. The initial 
measurement program used increments of 10 RPM rotational speeds with a five second delay between 
readings. RPM was increased from zero to 1 RPM then up to 191 RPM before decreasing back to zero. 
The RPM increment was increased to 20 RPM to increase throughput of suspensions. For the CP41 
cone in its operational range of 1000 mPa s to 100 mPa s, a 1RPM increase corresponded to a shear 
rate increase of 2 s'1.
For 20 vol%  suspensions, viscosities were too low for any meaningful results to be obtained using the 
CP41 cone. Percentage torque values were far below the 10% limit recommended by Brookfield. 
Below this value, viscosity and the corresponding shear rate, shear stress and other results cannot be 
taken to be fully representative o f  the suspension. 3-30 vol%  and 25/75-30 vol%  suspensions
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produced torque values at this 10% limit. To evaluate flow behaviour, viscosity was plotted against 
shear rate as shown in Figure 5.22, in which a logarithmic scale is employed as the 0.5-40 vol% 
suspension showed significantly higher viscosity than any other suspension.
Pseudoplastic flow behaviour, i.e. a drop in viscosity with increasing shear rate was observed in all 
suspensions but varied in degree according to suspension particle size, with an increase in particle size 
decreasing pseudoplasticity. This suggests that the 0.5 pm particles were non-attracting (well 
dispersed) and anisometric, though this was not possible to observe during SEM powder morphology 
studies.
The enhanced fines fraction in the 25/75 appeared to increase initial pseudoplasticity compared to the 
3 pm suspensions. The viscosity of the 25/75 suspensions was consistently greater than the 3 pm 
suspensions except at high shear rates in the 40 vol% suspensions, showing that a reduction in 
viscosity as observed by Greenwood et al (1997) did not occur. The reasons for this are associated 
with the comparatively broad PSD of the 3 pm suspensions, where there existed a significant solids 
volume fraction with particle size < 1 pm prior to addition of the 0.5 pm suspension.
The increase in particle size from 0.5 pm to 3 pm also reduced suspension viscosity for equivalent 
solids volume contents in line with the literature reviewed in section 4.2.3. While most suspensions 
produced consistent viscosity values against shear rate, the variation in 3-30 vol% viscosity values and 
apparent thixotropy, or time-dependent pseudoplasticity, can be related to the suspension viscosity 
being at the accuracy limit of the apparatus, producing percentage torque values < 10%.
The increase in viscosity with solids loadings was in line with the Doughty-Krieger equation and other 
models discussed in section 4.2.2. For the viscosity values to be compared with the Doughty-Krieger 
equation, however, there is the need for critical packing fraction to be determined, a more accurate 
assessment of the particle hydrodynamic factor , KHj (i.e. average particle aspect ratio) and a greater 
amount of data to be collected from additional suspensions of differing solids content.
On the basis of the low level of pseudoplastic flow observed with 3 pm and 25/75 suspensions, these 
appear the most promising for use as dip suspensions.
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Shear rate I s-1
Figure 5.22: Graph showing viscosity o f  40 vol% and 30 vol% suspensions against shear rate. Pseudoplasticity 
increased with a reduction in suspension particle size from D50 =3 gm to D50 =0.5 gm. Increase in solid 
content produced a similar increase in viscosity for all suspensions.
The attainment o f  dynamic viscosity measurements fulfils two purposes. Firstly, it provides a method 
o f  measuring degree o f  dispersion and consistency, acting as a quality control method for suspension 
production. Secondly, viscosity is a fundamental parameter in dip-coating models and offers a route 
to controlling layer thicknesses. From the data above, however, several points become apparent. The 
dipping models as reviewed in section 2.6 were derived using Newtonian flow  mechanics, with non- 
Newtonian flow  behaviours (as seen in figure 5.22) not being considered. The application o f  such 
models to non-Newtonian fluid dip coatings encounters several difficulties. While the suspension 
flow behaviour will not affect the colloidal filtration mechanism significantly (the dispersing fluid 
being in this case water, a Newtonian fluid), the film coating mechanism will be directly affected. 
Thus, the application o f  the dip coating model discussed in section 2.6 is not possible within these 
investigations.
5.3.5. Layer Production
During the dipping process, dipping times o f  1 s, 2 s and 4 s were employed, which translated into 
substrate withdrawal velocities o f  0.08 m s'1, 0.04 m s' 1 and 0.02 m s '1. The samples were dipped 
manually and timed using a digital timer. Several trial runs were carried out by dipping surplus 
samples into 80 ml o f  water in a 100 ml glass beaker. The accuracy o f  the timing indicated an error o f  
±  0.25 s. Three samples were dipped for each suspension at each withdrawal velocity. The immersion 
stage o f  the dipping process was continuous and there was no point at which the sample remained 
static.
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Once PSDA measurements had confirmed that a suspension was fully-dispersed, 80 ml was decanted 
into a 100 ml glass beaker and magnetically stirred. Individual support samples were removed from 
the desiccating chamber. The stirrer was switched off and left for 30 seconds. Samples were dipped 
into the suspension and withdrawn at the set withdrawal velocity. This was repeated for three samples 
for each withdrawal velocity. Each sample was placed into a drying rack in the same orientation as 
dipped and oven-dried in air at 60°C, The suspension was restirred for one minute before the dipping 
procedure was repeated for a different withdrawal velocity. Once dipping had been completed for all 
withdrawal velocity values, the samples were left to dry completely. After a drying time of two hours, 
the samples were removed and masses recorded. The samples were then placed into labelled sample 
bags.
During the experiment, several observations could be, made of the suitability of the dip suspensions. 
The 0.5-40 vol% suspension produced coating thicknesses of > 1 mm and showed no drainage 
behaviour upon removal from the suspension. The other 40 vol% suspensions produced lower coating 
thicknesses but of comparable magnitude, while displaying a low level of drainage. These 
suspensions also contained entrapped air bubbles, which were observed emanating from the surface 
but not in a quantity or rate that constituted significant foaming. The surface release of entrapped air 
bubbles occurred in all suspensions and careful observation indicated that the rate of this was related 
to suspension viscosity.
5.3.6. Layer Characterization -  Mass Measurements
The uncoated and coated samples masses were entered into an MS Excel spreadsheet and percentage 
mass changes were calculated to gain an initial assessment of mass increase in relation to dip 
suspension and withdrawal velocity (tables 5.8-5.10). The most significant trend was for the increase 
in solids content to be paralleled by an increase in % mass change. This increase was largest for the 
0.5 pm suspension coatings, with the largest % mass changes seen in 0.5-40 vol% coatings. The 
relatively large standard deviation values in % mass change shown by these coatings was the result of 
the high level of delamination observed in these dried coatings. Flakes of -3 mm in length and 
> 1 mm in thickness were frequently observed during handling. There was no consistent relationship 
between % mass change and withdrawal velocity observed in the coatings, hence mean values were 
calculated for each suspension type.
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Table 5.8: 0.5 pm suspensions - uncoated and coated sample masses and % mass change.
Sample
(particle size -  solids content- withdrawal velocity)
Mean uncoated sample 
mass (dry) / g
Mean coated sample 
mass (dry) / g % mass change
0.5-20 vol%-0.02 10.2 ±0.2 10.9 ± 0.2 6.5% ± 0.3%
0.5-20 vol%-0.04 10.3 ± 0.4 10.9 ±0.4 6.3% ± 0.7%
0.5-20 vol%-0.08 10.5 ±0.2 11.2 ±0.2 7.0% ± 0.4%
Mean 10.3 ±0.3 11.0 ±0.3 6.6% ± 0.5%
0.5-30 vol%-0.02 10.2 ±0.3 11.8 ±0.4 16.5% ±0.6%
0.5-30 vol%-0.04 10.3 ±0.1 12.0 ±0.1 17.1% ±0.4%
0.5-30 vol%-0.08 10.5 ±0.2 12.3 ±0.4 18.0% ± 1.5%
Mean 10.3 ±0.2 12.0 ±0.3 17.2% ± 0.2%
0.5-40 vol%-0.02 10.2 ±0.3 13.7 ±0.7 35.0% ± 7.0%
0.5-40 vol%-0.04 10.9 ± 1.0 14.4 ±0.7 32.0% ± 5.0%
0.5-40 vol%-0.08 10.3 ±0.2 14.0 ±0.3 36.0% ± 3.0%
Mean 10.5 ±0.5 14.0 ± 0.6 34.0% ± 5.0%
Table 5.9: 3 pm suspensions - uncoated and coated sample masses and % mass change.
Sample
(particle size -  solids content- withdrawal velocity)
Mean uncoated sample 
mass (dry) / g
Mean coated sample 
mass (dry) / g % mass change
3-20 vol%-0.02 11.2 ± 1.2 11.6 ± 1.3 4.0% ± 0.6%
3-20 vol%-0.04 10.8 ±0.5 11.3 ±0.5 4.9% ± 0.2%
3-20 vol%-0.08 10.6 ±0.2 11.2 ±0.2 6.0% ± 0.3%
Mean 10.9 ±0.6 11.4 ±0.7 5.0% ± 0.4%
3-30 vol%-0.02 10.7 ±0.4 12.6 ±0.5 17.4% ± 1.3%
3-30 vol%-0.04 11.0 ±0.3 12.5 ±0.4 13.9% ± 0.9%
3-30 vol%-0.08 11.5 ±1.4 13.0 ± 1.5 13.2% ±0.5%
Mean 11.1 ±0.7 12.7 ±0.8 14.8% ± 0.9%
3-40 vol%-0.02 10.5 ±0.1 13.6 ±0.2 29.3% ± 0.8%
3-40 vol%-0.04 10.8 ±0.1 13.1 ±0.1 21.0% ±2.0%
3-40 vol%-0.08 10.8 ±0.2 13.1 ±0.2 21.0% ± 1.0%
Mean 10.7 ±0.1 13.3 ±0.2 24.0% ± 1.0%
Table 5.10: 25/75 suspensions - Uncoated and coated sample masses and % mass change.
Sample
(particle size -  solids content- withdrawal velocity)
Mean uncoated sample 
mass (dry) / g
Mean coated sample 
mass (dry) / g % mass change
25/75-20 vol%-0.02 9.6 ±0.3 10.4 ±0.3 8.1% ±0.5%
25/75-20 vol%-0.04 9.4 ±0.1 10.2 ±0.1 7.7% ± 0.2%
25/75-20 vol%-0.08 9.5 ±0.2 10.4 ±0.3 8.9% ± 0.7%
Mean 9.5 ±0.2 10.3 ±0.2 8.2% ± 0.5%
25/75-30 vol%-0.02 9.5 ±0.1 11.0 ± 0.1 16.5% ± 1.1%
25/75-30 vol%-0,04 9.6 ±0.2 11.1 ±0.3 14.9% ±0.5%
25/75-30 vol%-0.08 9.8 ±0.1 11.2 ± 0.1 13.6% ±0.1%
Mean 9.6 ±0.1 11.1 ±0.1 15.0% ± 0.6%
25/75-40 voP/o-0.02 10.1 ± 1.4 12.6 ± 1.8 25.0% ± 0.7%
25/75-40 vol%-0.04 9.70 ±0.1 12.1 ±0.1 25.0% ± 1.0%
25/75-40 vol%-0.08 10.5 ± 1.1 12.5 ± 1.3 19.0% ± 2.0%
Mean 10.1 ±0.9 12.4 ± 1.1 23.0% ± 1.0%
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5.3.7. Layer characterisation - Light Microscopy
Once dry, samples were analysed using light microscopy to assess the extent of cracking. Difficulties 
were encountered with low levels of contrast between coating and substrate. Coatings produced by all 
40 vol% suspensions were >500 pm thick, significantly in excess of the 100 pm wet layer thickness 
limit given in section 4.2.4. For the 0.5-40 vol% suspension, coating thicknesses reached - 2 mm and 
exhibited extensive cracking, with crack widths of > 1 mm observed. Similar crack widths were also 
observed in the other 40 vol% suspension coatings. Delamination was observed in all coatings. While 
there was greater coating adhesion in the 3-40 vol% and 25/75-40 vol% coatings, it was clear that 
subsequent heat treatment would lead to further delamination. All 40 vol% suspension dipped 
coatings were therefore considered unsuitable for further characterisation.
5.3.8. Layer Characterisation - Scanning Electron Microscopy
5.3.8.1. Sample Preparation
Sample production for SEM analysis required careful preparation. Initial sample cutting showed the 
fragility of the dried layers. Visible degradation of the dipped layer occurred whilst cutting the 25/75- 
30 vol%-0.04 samples with a water-lubricated diamond saw. To reduce this, samples underwent 
single cuts followed by oven drying in air at 70°C. This process prevented any observable layer loss.
Samples were cut for surface and cross-section analysis. The surface samples were attached to carbon 
tape mounted onto aluminium stubs and sputter-coated before analysis. For cross-sectional analysis, 
cut sections were arranged in descending order in the resin cups to facilitate identification during 
analysis. The cut samples were then vacuum impregnated with low viscosity resin (caldofix (Struers 
UK Ltd), preheated at 70°C for 30 minutes, cured at 80°C for three hours). The resin-set samples were 
then polished, sputter-coated and analysed using 20 kV and 25 kV accelerating voltages to produce 
micrographs of the deposited layers. The use of two accelerating voltages was to improve clarity of 
images as some samples produced clearer images under 20 lcV accelerating voltage while others 
required a 25 kV accelerating voltage.
5.3.8.2. Surface Analysis of the 20 vol% Suspension Coatings
No observable differences were observed between samples dipped at different withdrawal velocities 
for all 20 vol% suspension coating surfaces investigated. Defects were observed in all layers. 
Surfaces of 0.5 pm and 25/75 20 vol% suspension coatings indicated layers of varying thickness.
Layer coverage was continuous and complete for all layers except in the 0.5-20 vol% coatings, where 
no dipped layer was detected in several regions such as highlighted in figure 5.23. The varied level of
105
Chapter 5: Dip-coating Studies
substrate coverage appeared to be due to a low level of suspension coverage upon withdrawal, rather 
than defects being generated from within the layer. This would indicate that insufficient wetting of the 
substrate surface by the suspension had occurred. This was supported by the coating surfaces being 
smooth and the majority of valley or pinhole defects exhibiting rounded edges i.e. there was no 
observable delamination due to layer fracture. Cracking was frequently associated with pinhole 
defects and in “valley” bottoms observed on the coating surface as shown in figures 5.23 and 5.24. 
-30 pm pinhole defects were also observed and appear to be the result of entrapped air within the 
suspension being deposited onto the substrate surface during dipping. Coating particle packing 
structure was indiscernible at higher magnifications. This indicates that the powder had been well- 
dispersed within the suspension, as suggested by PSDA and viscosity measurements.
For the 3-20 vol% surfaces, no cracking was observed, coatings were more homogenous and there 
were no layer-free regions or rounded valley features as observed in the 0.5-20 vol% coatings. The 
absence of cracking reflects the coarser particle size of the suspension (Chiu et al, 1993) indicating 
that the coarse particles act to increase accommodation of drying stresses by the layer. Pinhole defects 
> 10 pm were frequent; some defects had dimensions of -45 pm as highlighted in figure 5.25. This 
indicated that even at low dynamic viscosities, such as shown by this suspension, such defects are 
difficult to prevent. The coating was observed to be uneven but to a lesser degree than 0.5-20 vol% 
coatings with a high level of layer integrity. Closer analysis of the surface particle structure as seen in 
figure 5.26 showed individual particles lying prominent on the dried coating surface, while the particle 
size distribution within the coating appeared to be even. The maximum observed pinhole defect 
dimension was - 70 pm shown in figure 5.27.
The 25/75-20 voi% suspension coating showed similar variations in surface relief to that seen in both 
the 0.5-20 vol% and 3-20 vol% suspensions coatings. Highly varied surface relief and rounded valley 
features were observed in regions such as shown in figure 5.28, resembling the 0.5-20 vol% coatings. 
Other regions, typified by figure 5.29, resembled more closely the low levels of surface relief of the 3- 
20 vol% coatings. Surface particle packing structure was varied with a broader range of void sizes 
visible than in the 3-20 vol% suspension coatings, as illustrated by figure 5.30 where flnes-rich 
regions are surrounded by coarse-rich areas with correspondingly larger void sizes. Larger than 
average pinhole defects in these coatings were observed within these fines-rich regions, with the 
largest observed defect having a maximum dimension of-35 pm as shown in figure 5.30.
The magnitude of larger than average pinhole defects within fines-rich regions appears to be linked to 
the proportion of fines within the suspension. The smaller particle size appears to increase viscosity 
locally, hindering the movement of entrapped air out of the coating. The effect of increased
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suspension viscosity on the release o f  air from a suspension was observed during dipping with the 
viscous 40 vol%  suspensions.
2  5  kV  5  0  x 2  0  0  P m 0 2 9 2  1 2 - 0 2  0 9 : 5 6
Figure 5.23: SEM micrograph o f a 0.5-20 vol% coating showing varied surface relief. Substrate coverage is 
incomplete and indicates insufficient wetting o f the substrate. Such layer discontinuities reached ~ 160 gm in
dimension (red).
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Figure 5.24: SEM micrograph o f a 0.5-20 vol% coating showing varied surface relief, frequent cracking and <
30 gm pinhole defects connected to cracks (red).
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Figure 5.25: SEM micrograph o f  a 3-20 vol% coating surface showing reduced levels o f surface relief and 
frequent pinhole defects o f  up to ~ 45 pm in dimension (highlighted in red and yellow).
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Figure 5.26: SEM micrograph o f a 3-20 vol% coating surface showing even particle packing structure. 
Individual particles can be observed lying prominent on the surface and separate from the layer packing structure.
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20kV 500x 20.0Pm 0326 12-02 11:17
Figure 5.27: SEM micrograph o f a 3-20 vol% coating showing maximum observed surface defect o f ~ 70 pm
dimension.
Figure 5.28: SEM micrograph o f a 25/75-20 vol% coating showing varied surface relief with rounded valley 
features as observed in 0.5-20 vol% coatings. This varied surface relief does not seem to reflect the underlying 
substrate surface morphology observed in section 3.2.4. There are also several valley bottom defects, the largest
o f which measures ~ 60 pm (yellow).
109
Chapter 5: Dip-coating Studies
Figure 5.29: SEM micrograph o f a 25/75-20 vol% coating showing low levels o f  surface relief in contrast to 
varied surface seen in figure 5.28. This surface appearance was the predominant state observed. The pinhole
defect shown has a maximum dimension o f ~ 35 pm.
Figure 5.30: SEM micrograph o f the 25/75-20 vol% coating surface microstructure. The ~ 35 pm defect in the 
centre is surrounded by regions rich in finescale particles.
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5.3.8.3. Surface Analysis of the 30 vol% Suspension Coatings
The increase in solids content from 20 vol% to 30 vol% resulted in complete layer coverage, a greater 
degree of surface planarisation and an increase in average pinhole defect size observed in all coatings. 
The 0.5-30 vol% coatings also showed an increase in crack dimension compared to the 0.5-20 vol% 
coatings, but with a corresponding increase in area for smooth crack-free regions such as can be seen 
in figure 5.31. The maximum pinhole defect dimension observed was ~ 60 pm, an increase from -30 
pm for the 0.5-20 vol% coating. However, there appeared to be no increase in pinhole defect 
frequency, nor change in distribution. Increases in solids content did not appear to influence the 
packing structure of the coatings in the 0.5 pm suspensions.
For the 3-30 vol% suspension coatings, a similar decrease in surface relief variation was observed as 
seen for the 3-20 vol% suspension coatings. Similarly, no cracking was observed. A more even 
distribution of prominent surface particles was observed than in the 3-20 vol% coatings, with most 
embedded more deeply into the surface as shown in figure 5.32. At 500x magnifications, the layer 
packing structure of the 3-30 vol% coatings appeared more varied than the corresponding 3-20 vol% 
coatings, with coarse-rich regions (-3-7 pm particles) next to fines-rich areas (< 1pm particles), as 
shown in figure 5.33.
AU 25/75-30 vol% suspension coatings exhibited smooth, crack-free surfaces, closely resembling the 
3-30 vol% coatings. Similar prominent surface particles were also observable but appeared to be 
smaller and embedded more deeply into the surface as shown in figure 5.34. Concurrently, - 10 pm 
pinhole defects could be observed predominantly surrounded by regions rich in fines. The largest 
defect observed was a -130 pm pinhole defect is shown in figure 5.35. In contrast to the smooth 
edged pore defects seen in the 0.5 pm coatings, these pinhole defects often contained particle debris. 
This indicates that the surface particles immediately above the defects “collapsed” into the defects as 
opposed to being pushed aside by the entrapped air as it moved to the coating surface, as appeared to 
be the case in 0.5 pm coatings.
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Figure 5.31: SEM micrograph o f a 0 5-30 vol% coating surface. Extensive cracking can be seen with pinhole 
defects. Smooth defect free regions were larger than those observed in 0.5-20 vol% coatings.
2 0 kV 5 0 x 2 0 0 R m 0 3 5 8  1 2 - 0 2  1 2 : 3 8
Figure 5.32: SEM micrograph o f a 3-30 vol% coating showing defect-free surface and an even distribution o f
prominent surface particles.
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Figure 5.33: SEM micrograph o f a 3-30 vol% coating surface showing coarse-rich (~3-7 pm particles) and fines-
rich (< 1 pm particles) regions o f particle packing.
20kV 100x 100Fm 0405 12-02 14:19
Figure 5.34: SEM micrograph o f 25/75-30 vol% coating showing smooth surface 
with occasional ~ 10 pm pinhole defects (red).
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Figure 5.35: SEM micrograph o f 25/75-30 vol% coating surface with ~130 gm pinhole defect. The defect 
appears to be the result o f  entrapped air within the coating rupturing the surface during drying. Regions 
surrounding the defect show higher levels o f  finescale particles
5.3.8.4 Cross-sectional Analysis -  Layer Thickness Assessment
Cross-sectional analysis o f  the coatings was required primarily for the measurement o f  coating 
thicknesses. Micrographs were taken at lOOx, 200x, 500x and lOOOx magnifications o f  three or more 
areas for the purposes o f  coating thickness measurement and qualitative assessment o f  defects and 
layer packing density. For the coating thickness measurement o f  each sample, lOOx and 200x 
magnification images o f  three areas were selected, imported into MS W ord and printed out. Seven 
measurements were calculated from each image. In the case o f  30 vol%  coatings, lOOx magnification 
images were sufficient, whereas for 20 vol%  coatings, 200x magnification images were required 
owing to lower layer thicknesses. The three mean values were then combined into a single mean for 
the entire coating. These values are given in tables 5.11 and 5.12 below. The scanning electron 
microscope used was not calibrated, therefore values can only be taken as approximate..
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Table 5.11: Measured coating thicknesses for 20 vol% suspension coatings.
Sample mean layer thickness / pm
0.5-20 vol%-0.02 50 ± 15
0.5-20 vol%-0.04 40 ± 15
0.5-20 vol%-0.04 50 ± 10
Mean 46 ± 10
3-20 vo!%-0.02 35 ± 5
3-20 vol%-0.04 45 ± 15
3-20 vol%-0.08 35± 10
Mean 37 ± 10
25/75-20 vol%-0.02 35 ± 10
25/75-20 vol%-0.04 40 ±5
25/75-20 vol%-0.08 45 ± 10
Mean 40 ±  10
Table 5.12: Measured coating thicknesses for 30 vol% suspension coatings.
Sample mean layer thickness / pm
0.5-30 vol%-0.02 140 ±  15
0.5-30 vol%-0.04 130 ± 5
0.5-30 vol%-0.08 170 ±15
Mean 145 ±10
3-30 vol%-0.02 85 ±20
3-30 vol%-0.04 90 ± 15
3-30 vol%-0.08 100 ± 10
Mean 93 ± 15
25/75-30 vol%-0.02 95 ± 10
25/75-30 vol%-0.04 75 ±35
25/75-30 vol%-0.08 85 ± 15
Mean 85 ±20
Coating thicknesses appeared slightly larger but more variable for 0.5-20 vol% suspension coatings 
than other 20 vol% suspension coatings. The 3-20 vol% and 25/75-20 vol% suspensions produced 
similar coating thicknesses. Variation in withdrawal velocity produced no consistent variation in 
coating thickness, but this may also reflect variability of the dipping process and actual withdrawal 
velocity experienced by the samples. It was not possible to accurately measure the effect of a drainage 
profile on layer thickness down the dipped section as samples were not marked to enable measurement.
For all 30 vol% coatings, it was observed that withdrawal velocity variation produced no consistent 
trend in coating thickness. Coating thicknesses were significantly greater than the 20 vol% suspension 
coatings. The only significant difference in mean coating thickness between 30 vol% suspensions was 
between the 0.5 pm and the other suspension coatings. The former were significantly thicker, 
reflecting the significant difference in viscosities measured in section 5.3.4. This was seen with a 
mean coating thickness of 145 ± 10 pm as compared to 93 ± 15 pm and 85 ± 20 pm for the 3-30 vol% 
and 25/75-30 vol% suspensions respectively. The standard deviation in coating thicknesses increased 
for most coatings, though that for the 25/75-30 vol%-0.04 sample was exceptionally high and is most
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probably due to those samples being the first samples to be cut and thus degraded during sample 
preparation as discussed previously.
0.5-30 vol%-0.08 samples showed the greatest coating thicknesses of all at 170 ± 15 pm and 
significantly exceeded the values for other 0.5-30 vol% suspension coatings. It is unclear why this 
was so when considering there is no significant difference in thickness between the 0.5-30 vol%-0.02 
and 0.5-30 vol%-0.04 coatings.
5.3.8.5. Cross-Sectional Analysis - Microscopy
On a qualitative basis, the appearance of the layers themselves varied. The variation in surface relief 
seen in all 20 vol% suspension coatings surface images was also observed in all cross-sectional images, 
along with pinhole defects. Similarly, cracking was only observed in the 0.5 pm coatings. All layers 
showed a high level of substrate surface defect infiltration with a high level of coating-substrate 
adhesion. Particle packing density did not vary with solids volume content, nor with withdrawal 
velocity. Increasing suspension solids content increased the degree of surface planarisation observed 
for all coatings.
The 0.5-20 vol% coating cross-sectional images showed the greatest observed variation in layer 
thicknesses and exhibited similar rounded valleys to the surface images. These valleys did not appear 
related to the substrate surface profile as figure 5.36 shows, supporting the view that variable substrate 
coverage during withdrawal was responsible. There also appeared to be a significant level of surface 
defect infiltration as highlighted in figure 5.36, but this was limited to large surface defects >10 pm in 
dimension. The low level of observable sub-surface infiltration by the suspension indicates that 
particle ingress into the substrate did not occur, despite the mean suspension particle dimension (D50 
~ 0.4 pm) being significantly smaller than the mean surface pore dimension of - 2.5 pm. This would 
indicate that rapid surface pore clogging had occurred, as the low suspension viscosity would favour 
such pore penetration.
There was significant infiltration of internal substrate void defects by the 0.5-20 vol% coatings as can 
be seen on the left of the figure 5.36. The lack of observable suspension infiltration from the surface 
indicates that these deposits were formed from suspension infiltration through the cut edge surfaces of 
the samples. Such internal void infiltration was not observed in any 3 pm or 25/75 coatings, nor in 
0.5-30 vol% coatings. Cracking was a frequent occurrence in the 0.5-20 vol% and 0.5-30vol% 
coatings, with images showing that most cracks penetrated through the layers such as can be seen in 
figure 5.37. Also apparent within the figure is the influence of the substrate surface profile on the 
coating surface profile. Cracking did not appear to be consistently related to notable micrometer scale
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asperities or valleys in the substrate surface, with many cracks occurring in regions without such 
features.
In comparison to the 0.5-20 vol% coatings, the 3-20 vol% coatings as shown in figure 5.38 showed a 
lower thickness variation within images. There appeared to be no direct relationship between coating 
thickness and substrate surface relief as thicker coating sections were often located over substrate 
surface valley defects. There was frequent infiltration of > 10 pm surface valley defects as with the
0.5-20 vol% coatings. There was also a clear planarisation of the surface as seen in surface images, 
with the substrate profile visibly rougher than the coating surface.
The 25/75-20 vol% coatings exhibited the most consistent layer thicknesses, highest degree of surface 
planarisation and fewest defects of any 20 voI% coatings. A typical coating section is shown in figure 
5.39 where surface valley defect infiltration is also shown. Internal void defects showed no evidence 
of suspension infiltration in any image, nor was there any observable sub-surface infiltration. A 
degree of surface planarisation also occurred with the coating surface being considerably smoother 
than the substrate surface. Surface relief variation appeared to be influenced more by support surface 
morphology than coating thickness variation. The coarse particle size of the 25/75-20 vol% 
suspension appeared to preserve the integrity of the coatings in a similar manner to the 3-20 vol% 
coatings, with no cracks observed in any cross-section imaged.
The level of agglomeration within all coatings appeared to be low. The particle packing density 
within the 0.5-20 vol% coatings was difficult to discern as in surface images and thus it was not 
possible to analyse the particle/void structure of the layers. The 3-20 vol% coatings showed a varied 
packing structure reflecting the wider PSD of the Unitec FYT13 powder used, with the coarse particles 
(size >5pm) and fine particles (size -1 pm) all visible in figure 5.40. Voids within the general coating 
structure were comparable to surrounding particle sizes and larger voids were located close to particles 
of high aspect ratio (highlighted in figure 5.40). These appeared to be more the result of random 
packing of these particles than any agglomeration effects.
The particle packing of the 25/75 coatings represented a mix of those seen in the 0.5-20 vol% and the 
3-20 vol% coatings. The significant finescale particle fraction of the 0.5 pm powder was observed to 
fill in between particles of the 3 pm powder as shown in figure 5.41. These regions corresponded to 
the voids noted above in the 3-20 vol% coatings. The coarse particle component was surrounded by 
the finescale component, reducing the visible void volume fraction of the layer and apparently 
increasing the packing density as predicted by section 4.2.3. However, the inability to produce high 
quality images on the < 1 pm scale hindered identification of any “ finescale” voids.
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There appeared to be no clear segregation of fine and coarse particles within the coating layers or 
between locations, indicating that the same was true of the suspensions. The existence of fines-rich 
regions in the 25/75 coatings reflected the high fines proportion within these suspensions. There did 
seem to be a trend in the 3 pm suspension coatings for the largest particles to concentrate within the 
mid-section of the layers (as shown by figures 5.40), with none seen at the coating/substrate interface, 
but the trend was marginal and not observed in the 25/75 coatings.
Most entrapped air defects were observed within or at the surface of the coatings, with few observed at 
the substrate/ layer interface. While surface images showed most 0.5-20 vol% pinhole defects to have 
smooth edges and to have been the result of air migrating to the surface, entrapped air defects were 
occasionally observed where the coating surface above the void had partially collapsed, such as the 
-40 pm defect shown in figure 5.42. Such bridging was not observed in other 20 vol% coating 
defects where the coating tended to either collapse fully into the defect (as in figure 5.36 previously) 
or simply form a rounded open defect. Occasionally, air defects with an inkwell aspect, as shown in 
figure 5.43, were observed in 3-20 vol% coatings extending through the entire thickness of the layer. 
The rougher edges of such defects reflected the coarser PSD of the Unitec FYT13 powder. In the case 
of the 25/75-20 vol% suspensions, the increased finescale component appeared to promote more 
rounded bubble defects such as shown in figure 5.44, in similarity to the 0.5-20 vol% coatings.
Entrapped air defect size within the coatings did show a correlation with increased solids volume 
loading for 0.5-30 vol% coatings, with the maximum observed defect size increasing from -30 pm to 
-60 pm as shown in figure 5.45. This increase in defect dimensions was not observed for the other 30 
vol% coatings, indicating that the increased particle size used reduced this effect. The morphology of 
the entrapped air defects was significant as the suspensions with a large finescale particle component, 
the 0.5 pm and 25/75 suspensions, produced internal coating defects with low aspect ratios, while the 
3 pm powder produced defects with higher aspect ratios.
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Figure 5.36: SEM micrograph of a 0.5-20 vol%-0.04 coating showing varied coating thickness, surface defect 
infiltration (red) and internal defect infiltration (yellow).
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Figure 5.37: SEM micrograph of a 0.5-20 vol%-0.02 coating showing homogenous coating structure and 
cracking typical of all cross-sections. Cracking penetrated through the layers to the substrate surface, frequently
originating from surface asperities as above.
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Figure 5.38: SEM micrograph of a 3-20 vol%-0.08 coating. The varied coating thickness did not reflect the
substrate profile in the majority of cases.
2 5 kV  10 0 x 100Pm  0 1 1 9  1 2 - 0 1  1 2 : 5 7
Figure 5.39: SEM micrograph of a 25/75-20 vol%-0.02 coating showing planarisation of substrate profile by 
coating surface. Substrate surface defect infiltration can be seen on the left and right hand sides of the image.
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Figure 5.40 SEM micrograph of a 3-20 vol%-0.02 coating showing homogenous coating structure. The 
highlighted region shows a larger than average void as a result of the packing misalignment of high aspect ratio 
particles. The coarsest particles can be seen in the layer mid-section, a trend seen in all 3-20 vol% cross-sections.
i
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Figure 5.41: SEM micrograph of a 25/75-20 vol%-0.02 coating. A homogenous coating microstructure with 
finescale particles filling in voids between the coarse particles. Entrapped air defects observed in these coatings
had low aspect ratios as shown.
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Figure 5.42: SEM micrograph of a 0.5-20 vol%-0.04 coating showing entrapped coating defect with maximum 
defect dimension of ~40 pm. The collapsed “ceiling” of the defect was not a frequent observation in these 
coatings. A high level of interlocking at the coating-substrate interface is also visible.
2 0 kV  5 0 0 x 2 0 . 0  P m 0 0 3 5  1 1 - 3 0  1 9 : 3 1
Figure 5.43: SEM micrograph of a 3-20 vol%-0.02 coating showing ~20 pm entrapped coating defect extending 
through the layer. The rough edged morphology of the defect reflects the PSD of the 3 pm powder.
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Figure 5.44: SEM micrograph of a 25/75-20 vol%-0.02 coating showing ~20 pm entrapped coating defect and
surface planarization typical of these coatings.
2 5 kV  5 0 0 x 20  0km  0 1 5 2  1 2 - 0 1  1 4 : 4 3
Figure 5.45: SEM micrograph of a 0.5-30 vol%-0.02 coating showing a ~65 pm entrapped air defect. The 
rounded oval aspect was typical of the 0.5 pm suspensions, reflecting the fine particle size used. An unusual 
feature of an entrapped air defect at the substrate/coating interface is also visible (red).
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5 .3 .9 . S u m m a ry  o f  F in d in g s  o f  F u r th e r  D ip -c o a t in g  S tu d ie s
The major findings of the further dipping studies are summarised in table 5.13 on page 125. The 
following will discuss the observations made during both suspension and applied layer 
characterisation. For the former, it was observed that suspension dynamic viscosity differed greatly 
between the 0.5 pm and the 3 pm and 25/75 suspensions at and above 30 vol% loading. The 0.5-40 
vol% suspension showed marked pseudoplastic flow behaviour, while the 3-40 vol% and 25/75-40 
vol% suspensions showed similar flow behaviour but to a reduced degree. The pseudoplasticity of the 
25/75- 40 vol% suspension was significantly less than that of the 0.5-40 vol% but slightly higher than 
that of the 3-40 vol% suspension. This appeared to be the result of the enhanced fines fraction within 
the 25/75 suspension. For an ideal dip suspension, the level of pseudoplasticity should be as low as 
possible, indicating that the coarser 3 pm and 25/75 suspensions are more suitable.
The reduction in solid volume content to 30 vol% decreased viscosity noticeably, but did not 
significantly lessen the pseudoplasticity of each suspension. The 3-30 vol% and 25/75-30 vol% 
suspensions had viscosities of ~ 100 mPa s, which was at the limit of accuracy for the apparatus used. 
The further reduction in solids volume content to 20 vol% resulted in viscosities below that 
measurable by the apparatus. Subsequent dipping indicated that a viscosity range of 50-100 mPa s, as 
observed in the 30 vol% coatings, would be preferable for ~ 100 pm wet layer thicknesses.
PVA addition induced surface foaming in all 20 vol% and 30 vol% suspensions requiring the further 
addition of a surfactant, octanol, to eliminate it. Increase in viscosity reduced the level of this surface 
foaming but entrapped air was seen to emanate from all suspensions during dipping. The prevention 
and elimination of such entrapped air within the suspensions is required to prevent defect formation 
within the green dipped layers.
Particle size distribution analysis of the suspensions showed that all suspensions had low levels of 
agglomeration. The only significant agglomeration was observed in the 0.5-40 vol% suspension. The 
subsequent coating behaviour of this and the other 40 vol% suspensions lead to their rejection for 
future dipping.
Variation in withdrawal velocity did not have any significant effect on any suspension coating 
thickness. It was impossible to measure whether variations in measured coating thickness were related 
to distance down the dipped section and the result of a drainage profiled as literature suggests.
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Lower solids volume content of 20 vol% resulted in varied coating thicknesses and, in the case of the
0.5 pm suspensions, incomplete layer coverage. An increase in solids volume content had a large 
effect on deposited coating thickness, with a minimum increase of 100% observed. The observed 
coating thickness increases with increased solids content were greater for the 0.5 pm suspensions than 
either 3 pm or 25/75 suspensions. Higher solids volume content also increased the degree of surface 
planarization by the coating.
All 0.5 pm suspension coatings cracked, while no 3 pm and 25/75 suspension coatings did. This is in 
accordance with the literature reviewed in section 4.2.3 which indicated that increased particle size 
also increased the resistance of a layer to cracking during drying. An enhanced fines fraction as used 
in the 25/75 suspensions did not compromise this. The relation of surface profile to layer integrity 
appeared peripheral in comparison to particle size. There also appeared to be no consistent 
relationship between cracking and micrometer scale surface defects. All coatings showed >10 pm 
surface defect infiltration.
Particle packing density appeared highest in 0.5 pm coatings, followed by 25/75 coatings then 3 pm 
coatings. Both 3 pm and 25/75 suspension coatings exhibited fines-rich and coarse-rich regions, the 
latter coatings to a greater degree reflecting the higher proportion of fines present. Larger than 
average pinhole defects were associated with such fines-rich regions. The only consistent increase in 
defect size with solids loading occurred for the 0.5 pm coatings. Overall, defect size showed a wide 
variability and appeared to bear greater relation to suspension production and application procedures 
than to the particular suspension properties such as PSD and solids loading. The level of fines within 
the suspension appeared to increase the size of defects but the presence of air within the suspensions 
appeared to be the chief cause of defects once a sufficiently thick layer had been deposited. Removal 
of this entrapped air will be required to produce more homogenous layers.
With the coating thickness deposited by 3-30 vol% and 25/75-30 vol% coatings being -  100 pm and 
any resulting sintering likely to result in a reduction in coating thickness of ~ 50% to -50 pm 
(assuming a layer solids volume fraction of -0.5), the ideal solids volume loading appears to lie in the 
region of 30 vol%. This combined better substrate coverage, increased surface planarisation and 
coating thickness close to that desired for a dried layer.
The 25/75 coatings combined features of both the 0.5 pm and 3 pm suspension coatings. For an intact 
sintered layer, particle packing density and layer resistance to cracking should be as high as possible. 
In this, the 25/75 coatings appeared to incorporate the higher particle packing density of the 0,5 pm 
suspension coatings and the higher crack resistance of the 3 pm suspension coatings. The 25/75 
coatings also incorporated the overall surface planarisation shown by the 3 pm suspension coatings
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with the coating also displaying a smoother surface on the micrometre scale as with the 0.5 pm 
suspension coatings. This indicates that a similar PSD would be most effective in producing an intact 
sintered coating.
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C h a p t e r  6  
C o n c lu d in g  R e m a r k s  a n d  F u r t h e r  w o r k
6 .1. C o n c l u d i n g  R e m a r k s
Initially, the aim of this project was to investigate the potential methods of applying a gastight ceramic 
sealant layer on the inactive areas of the IP-SOFC module. This led to the selection of suspension dip 
coating of yttria-stabilised zirconia. An appraisal was made of the current status of dip-coat modelling. 
It was found that the parameters central to dip coat modelling are often neglected within reported 
literature.
Characterisation of the IP-SOFC support by surface profilometry indicated the existence of large 
surface defects with aspects aligned with the grinding/extrusion direction. This was confirmed by 
SEM analysis. These defects appeared to have been created during support extrusion and were 
exposed during grinding. Such defects were frequently > 100 pm in length and ~ 50 pm in depth and 
were often accompanied by similar void defects within the support microstructure. Support surface 
pore size distribution was shown to be narrow with a median pore diameter of 2.31 ± .0.04 pm. This 
led to an ideal green layer thickness of ~ 100 pm and an ideal suspension particle size of ~ 3 pm being 
specified. Use of a bimodal distribution was proposed to increase the particle packing density of the 
deposited layer. This bimodal distribution was to contain fine and coarse particles in a ratio of 1:3 by 
mass, with a particle size ratio of ~1:8. Restrictions on available powders resulted in a fine particle 
size of 0.5 pm being used instead of 0.35 pm.
Initial dipping studies showed that multiple dipping and drying of layers increased the likelihood of 
layer fracture and delamination prior to sintering. The drying orientation of the dipped supports was 
important, with “dripback” of unabsorbed suspension over dipped sections leading to uncontrollable 
layer thickening and fracture. The agglomeration level and agglomerate dimensions observed in the 
suspension were shown to be increased by the steric Peptapon 52 dispersant used. An ensuing 
suspension dispersant selection and optimisation process identified electrosteric dispersants as the 
most effective type for use within the YSZ suspensions. One particular electrosteric dispersant, 
Dispex A40, was selected and used to produce three well-dispersed suspension series using powders 
of differing PSD and solids volume fractions.
Two suspension series were produced from powders with D50 particle sizes of 0.5 pm and 3 pm. 
Each series consisted of suspensions with solids volume fractions of 20 vol%, 30 vol% and 40 vol% 
respectively. The third 25/75 suspension series was a 1:3 by mass mix of the first two series and
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resulted in D50 particle sizes of ~2 pm. For all suspensions, level of pseudoplasticity and viscosity 
were inversely related to the suspension D50 particle size. Increasing solids content from 
20 vol% to 40 vol% showed significant increases in viscosity. For equivalent solids volume fractions, 
the 25/75 suspensions showed slightly increased levels of pseudoplasticity and viscosity compared to 
suspensions produced from the parent coarser suspension.
Support samples were prepared and dipped using different withdrawal velocities of 0.02 m s'1,
0.04 m s'! and 0.08 m s'1. All 40 vol% suspensions produced > 1mm thick green layers which showed 
extensive cracking and frequent delamination. These suspensions were deemed unsuitable as dip 
suspensions and only 20 vol% and 30 vol% coatings were considered further. Withdrawal velocity 
variation appeared to have no effect on layer thickness, particle packing density or defect frequency.
Increase in solids volume fraction from 20 vol% to 30 vol% increased degree of surface planarisation 
and green coating thicknesses from -40 pm to 85-145 pm. The thickest 30 vol% coatings were 
produced using the 0.5-30 vol% suspension. The 3 pm and 25/75 30 vol% dried coatings were -85-95 
pm thick, close to the specified ideal 100 pm thickness.
Increased D50 particle size increased layer resistance to cracking. All 0.5 pm suspension coatings 
cracked, while all 3 pm and 25/75 coatings were crack-free. The enhanced fines fraction of the 25/75 
coatings appeared to increase layer packing density without compromising layer resistance to cracking. 
There did not seem to be a consistent relationship between micrometre surface defect structure and 
layer cracking.
Layer thickness was influenced primarily by solid volume fractions then by viscosity, the latter itself 
influenced significantly by PSD. Overall, the 25/75-30 vol% coatings gave the best combination of 
crack-free green layers o f-85 pm mean thickness with high levels of surface planarisation and high 
particle packing density.
There was no observed migration of suspension YSZ particles into the immediate substrate sub­
surface during dipping. This was true for all dipped coatings where median surface pore diameter 
exceeded suspension D50 particle size (Dparticte < Dporc.) This indicates that for solids volume fractions 
> 20 vol% and Dpa,.ticie < Dpoie, particle migration into the support can be disregarded. The use of 
soluble PVA binder appeared to promote foaming and air entrapment within suspensions, with pinhole 
bubble defects being observed in all layers.
The successful application of dip-coated YSZ layers onto porous substrates using particulate 
suspensions has been achieved. Layers with controlled mean thicknesses of 85-95 pm and continued
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integrity after drying have also been shown to be possible. The use of an enhanced fines fraction has 
resulted in crack-free layers with an apparent increase in particle packing density compared to layers 
produced from suspensions of the coarse parent powder. These layers also show a high degree of 
surface planarisation and filling in of surface defects.
6 .2 .  S u g g e s t i o n s  f o r  F u r t h e r  W o r k
6 .2 .1 . In t r o d u c t io n
The findings of this work have provided insight into the important parameters affecting dip coating of 
green YSZ layers on IP-SOFC supports. Support and suspension production, characterisation and dip 
coat application are complex processes and involved the interplay of many factors. Therefore, much 
work remains to be done in this area. As an outcome of this project, the following main areas of future 
work have been identified and are outlined below.
6 .2 .2 . S u p p o r t  P ro d u c t io n
The development of dipping as a method for applying a dense sealant layer to the IP-SOFC will 
require the further exploration of several routes. However, an immediate priority is the elimination of 
the large void defects within and on the surface of the IP-SOFC supports. Regardless of the effect on 
application of a dip coated sealant layer, these voids will affect other properties such as support 
mechanical strength and bulk flow of fuel through the support. The prevention of such defect 
formation should result in a more consistent product and smoother support surface. The latter will 
allow the layer thickness requirements to be set at a lower value.
6 .2 .3 . S u s p e n s io n  P ro d u c t io n
More stringent control of the suspension production process is required to prevent air entrapment 
within the suspension. The effect of reduced pressure environments to deair the suspension is 
suggested, as are studies on an acceptable quiescent period for the suspension prior to dipping.
6 .2 .4 . S u s p e n s io n  p ro p e r t ie s
For suspension properties, the investigation of differing solids volume contents in the range 
25-35 vol% should be investigated to see i f  the green layer thickness can be controlled in the range of 
50-100 pm more effectively. Optimisation of < 1 pm particle size layers is preferable to reduce the 
sintering temperatures necessary for eventual densification in line with reported literature. These will 
require reduced layer thicknesses and therefore a smoother support surface. The increased level of 
cracking and defect size with reduced particle size will have to countered as part of this work. Further 
suspension additive optimisation is required to eliminate air entrapments defects. For example, the
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identification of a more suitable binder than PVA and/or elimination of foaming through surfactants 
are advised. Establishment of critical cracking thickness (CCT) of a layer as a function of YSZ 
particle size would form part of this work. Suspension additives to reduce pseudoplasticity of 
suspensions and improve evenness of layer deposition as particle size is reduced should also be 
investigated. Further investigation of bimodal distributions to increase packing density for equivalent 
layer thicknesses should be investigated.
6 .2 .5 . S u s p e n s io n  C h a ra c te r is a t io n
For suspension characterisation, the limitation of the viscosity apparatus used in this study should be 
addressed more directly and suitable viscometer attachments obtained for future experiments. This 
would permit more accurate flow behaviour and viscosity characterisation, particularly at lower solids 
volume fractions. This data can then be more effectively integrated into further dipping studies, 
allowing more accurate application of dipping models. For the dipping procedure itself, more accurate 
control over withdrawal velocities will be required. The introduction of automation would facilitate 
this.
6 .2 .6 . D ip p e d  la y e r  C h a ra c te r is a t io n
It was not possible to identify layer thickness in relation to vertical location within dipped section 
during these studies. This prevented assessment of drainage profiles. More effective marking of 
dipped sections to identify vertical position against coating thickness is necessary. In addition, a more 
accurate measure of surface planarisation by a dip coated layer is needed to gauge relationships 
between substrate surface profile and suspension particle size, viscosity and solids volume fraction.
6 .2 .7 . H e a t T re a tm e n t
Heat treatments such as different drying regimes and sintering of deposited green layers were not 
considered in this project but constitute the next step in sealant layer production. This will require 
further optimisation of layer microstructure and of the sintering regime to be used.
6 .2 .8 . M a te r ia ls
In regard to RRFCS and the dip application of gas tight sealant layers, the question of alternative 
materials should be investigated. As has been shown, the mechanics affecting the dipping process are 
little affected by particle material properties once a high level of dispersion is achieved. Glass- 
ceramics, despite the issues that remain with them, would allow sintering of sealant layers at 
temperatures lower than those of cathode materials (unlike refractory oxides such as YSZ) and allow 
defect elimination through viscous flow behaviour during heat treatment.
R e f e r e n c e s
Adcock, D. S. & McDowall, I. C. 1957, "Mechanism of Filter Pressing and Slip Casting", Journal of the 
American Ceramic Society, vol. 40, no. 10, pp. 355-362.
Agrafiotis, C., Tsetsekou, A., & Ekonomakou, A. 1999, "The effect of particle size on the adhesion 
properties of oxide washcoats on cordierite honeycombs", Journal of Materials Science Letters, vol. 18, 
no. 17, pp. 1421-1424.
Agrafiotis, C., Tsetsekou, A., & Leon, I. 2000, "Effect of slurry rheological properties on the coating of 
ceramic honeycombs with yttria-stabilized-zirconia washcoats", Journal of the American Ceramic 
Society, vol. 83, no. 5, pp. 1033-1038.
a) Agrafiotis, C. & Tsetsekou, A. 2000, "The effect of processing parameters on the properties of 
gamma- alumina washcoats deposited on ceramic honeycombs", Journal of Materials Science, vol. 35, 
no. 4, pp. 951-960.
b) Agrafiotis, C. & Tsetsekou, A. 2000, "The effect of powder characteristics on washcoat quality. Part I: 
Alumina washcoats", Journal of the European Ceramic Society, vol. 20, no. 7, pp. 815-824.
c) Agrafiotis, C. & Tsetsekou, A. 2000, "The effect of powder characteristics on washcoat quality. Part II: 
Zirconia, titania washcoats -  multilayered structures", Journal of the European Ceramic Society, vol. 20, 
no. 7, pp. 825-834.
Aksay, I. A. & Schilling, C. H. 1984, "Colloidal filtration route to uniform microstructures," in 
Ultrastructure processing of ceramics, glasses, and composites, Istedn, L. Hench & D. Ulrich, eds., 
John Wiley & Sons, Inc, New York, pp. 438-447.
Aksel, C. & Riley, F. L. 2003, "Effect of the particle size distribution of spinel on the mechanical 
properties and thermal shock performance of MgO-spinel composites", Journal of the European 
Ceramic Society, vol. 23, no. 16, pp. 3079-3087.
Amoros, J. L., Sanz, V., Gozalbo, A., & Beltran, V. 2002, "Viscosity of concentrated clay suspensions: 
effect of solids volume fraction, shear stress, and deflocculant content", British Ceramic Transactions, 
vol. 101, no. 5, pp. 185-193.
ANSI/ASME B46.1-1995 “Surface Texture (Surface Roughness, Waviness and Lay).” American 
National Standards Institute, New York, U.S.A.
Arai, H., Eguchi, K., Setoguchi, T., & Yamaguchi, R. 1991, "Fabrication of YSZ thin film on electrode 
substrate and its SOFC characteristics", Solid Oxide Fuel Cells.Proc.2nd Int.Symp.on SOFCs Athens 
2-5ih July 1991, pp. 167-174.
Benbow, J. J., Blackburn, S., Lawson, T. A., Oxley, E. W., & Bridgwater, J. 1992, "The Causes and 
Prevention of Defects During Ceramic Forming", British Ceramic Proceedings no. 49, pp. 67-82.
Berryman, J. G. 1983, "Random Close Packing of Hard-Spheres and Disks", Physical Review A, vol. 27, 
no. 2, pp. 1053-1061.
Bhaduri, S. & Bhaduri, S. B. 1999, "Phase and microstructurai evolution of heat treated nanocrystalline 
powders in Al20 3-Mg0 binary system", Nanostructured Materials, vol. 11, no. 4, pp. 469-476.
Birchall, J. D., Howard, A. J., & Kendall, K. 1981, "Flexural Strength and Porosity of Cements", Nature, 
vol. 289, no. 5796, pp. 388-390.
Bonekamp, B. C. 1996, "Preparation of Asymmetric Ceramic Membrane Supports by dip-coating," in 
Fundamentals of Inorganic Membrane Science and Technology, 1st edn, Burggraaf, A.J., & L. Cot, eds., 
Elsevier Science BV, Amsterdam, p. 185.
132
Bonekamp, B. C. & Pex, P. 2000, "Suspensions and sol processing for the manufacturing of high 
performance ceramic pervaporation and gas separation membranes", Industrial Ceramics, vol. 20, no. 1, 
pp. 25-28.
BS EN ISO 4287:2000 “Geometrical product specifications (GPS) -  Surface texture: Profile method -  
Terms, definitions and surface texture parameters”, British Standards Institute, London, UK.
BS ISO 13320-1:1999 “Particle size analysis - Laser diffraction methods - Part 1 General principles." 
British Standards Institute, London, UK.
BS EN ISO 10545-3:1997 "Ceramic tiles. Determination of water absorption, apparent porosity, 
apparent relative density and bulk density", British Standards Institute, London, UK.
Burganos, V. N., Paraskeva, C. A., & Payatakes, A. C. 1993, "Parametric Study of Particle Deposition in 
Sinusoidal Pores of Arbitrary Orientation", Journal of Colloid and Inteiface Science, vol. 158, no. 2, 
pp. 466-475.
Callister, W. D. 1994, Materials Science and Engineering: An Introduction, 3rd edn, John Wiley & Sons, 
Inc.p768
Carman P.C. 1938, Transaction of the Institute of Chemical Engineers (Lond.), vol. 16, no. 168, p. 188.
Caruso, R., Diaz-Parralejo, A., Miranda, P., & Guiberteau, F. 2001, "Controlled preparation and 
characterization of multilayer sol-gel zirconia dip-coatings", Journal of Materials Research, vol. 16, no. 8, 
pp. 2391-2398.
Cassidy, M., Lindsay, G., & Kendall, K. 1996, "The reduction of nickel-zirconia cermet anodes and the 
effects on supported thin electrolytes", Journal of Power Sources, vol. 61, no. 1-2, pp. 189-192.
Chakrapani, V., V, Rajagopalan, P. T., & Agrawal, D. C. 1992, Porosity and grain growth in sintered 
zirconia films, 1st edn, Advanced Ceramics Oxford & IBH Publishing Co.
Chang, Q., Peng, R., Liu, X., Peng, D., & Meng, G. 2004, "A modified rate expression of wet membrane 
formation from ceramic particles suspension on porous substrate", Journal of Membrane Science, 
vol. 233, no. 1-2, pp. 51-58.
Chao, W. J. & Chou, K. S. 1996, "Studies on the control of porous properties in the fabrication of porous 
supports", Porous Ceramic Materials, vol. 115, pp. 93-108.
Chiu, R. C., Garino, T. J., & Cima, M. J. 1993, "Drying of Granular Ceramic Films .1. Effect of Processing 
Variables on Cracking Behavior", Journal of the American Ceramic Society, vol. 76, no. 9, 
pp. 2257-2264.
Chou, K. S., Chen, C. Y., & Huang, C. T. 1998, "Microstructure and properties in porous supports", 
Journal of the Chinese Institute of Chemical Engineers, vol. 29, no. 1, pp. 1-7.
Chou, K. S., Kao, K. B., Huang, C. D., & Chen, C. Y. 1999, "Coating and characterization of titania 
membrane on porous ceramic supports", Journal of Porous Materials, vol. 6, no. 3, pp. 217-225.
Cini, P., Blaha, S. R„ Harold, M. P., & Venkataraman, K. 1991, "Preparation and characterization of 
modified tubular ceramic membranes for use as catalyst supports", Journal of Membrane Science, 
vol. 55, no. 1-2, pp. 199-225.
Conley, R. F. 1996, Practical Dispersion : A Guide to Understanding and Formulating Slurries, 1st edn, 
John Wiley and Sons, New York.
Cooper, S. C. & Hodson, P. T. A. 1982, "Magnesia-Magnesium Aluminate Spinel As A Refractory", 
Transactions and Journal of the British Ceramic Society, vol. 81, no. 4, pp. 121-128.
133
De Liso, E. M., Vanrijswijk, W., & Cannon, W. R. 1991, "Interactions Between Al203 and Zr02 Powder in 
A Concentrated Suspension", Colloids and Surfaces, vol. 53, no. 3-4, pp. 383-39!
Defriend, K. A. & Barron, A. R. 2002, "Surface repair of porous and damaged alumina bodies using 
carboxylate-alumoxane nanoparticles", Journal of Materials Science, vol. 37, no. 14, pp. 2909-2916.
Di Maggio, R., Tomasi, A., Scardi, P., & Marchetti, F. 1991, "Ceria stabilised zirconia protective coatings 
for metal substrates", Proc.2nd European Ceramic Soc.Conf. Augsburg; 11-14 Sept. 199! edn, G. 
Ziegler & H. Hausner, eds., Deutsche Keramische.Gesellschaft eV, pp. 1745-1749.
Di Maggio, R., Scardi, P., & Tomasi, A. 1994, "Stabilised zirconia coatings for the protection of metallic 
substrates at high temperature", Materials Engineering, vol. 5, no. 1, pp. 13-23.
Eguchi, K., Setoguchi, T., Tamura, S., & Arai, H, 1992, "Solid Oxide Fuel Cell With A Thin Stabilised 
Zirconia Film Supported On An Electrode Substrate", S. P. S. Badwal et al., eds..
Eichler, K., Solow, G., Otschik, P., & Schaffrath, W. 1999, "BAS (Ba0.AI203.Si02)-glasses for high 
temperature applications", Journal of the European Ceramic Society, voi. 19, no. 6-7, pp. 1101-1104.
Elimelech, M., Zhu, X. FI., Childress, A. E., & Hong, S. K. 1997, "Role of membrane surface morphology 
in colloidal fouling of cellulose acetate and composite aromatic polyamide reverse osmosis membranes", 
Journal of Membrane Science, vol. 127, no. 1, pp. 101-109.
Faaland, S., Einarsrud, M. A., & Grande, T. 2001, "Reactions between calcium- and 
strontium-substituted lanthanum cobaltite ceramic membranes and calcium silicate sealing materials", 
Chemistry of Materials, vol. 13, no. 3, pp. 723-732.
Ferreira, J. M. F. 1998, "Role of the clogging effect in the slip casting process", Journal of the European 
Ceramic Society, voi. 18, no. 9, pp. 1161-1169.
Foust, A. S., Wenzel, A. W., Clump, C. W., Maus,!_., & Andersen, L. B. 1980, Principles of unit 
operations, 2nd edn, John Wiley & Sons (New York).
Gardner, F. J., Day, M. J., Brandon, N. P., Pashley, M. N., & Cassidy, M. 2000, "SOFC technology 
development at Rolls-Royce", Journal of Power Sources, vol. 86, no. 1-2, pp. 122-129.
Goswami, A. P. & Das, G. C. 2000, "Role of fabrication route and sintering on wear and mechanical 
properties of liquid-phase-sintered alumina", Ceramics International, vol. 26, no. 8, pp. 807-819.
Grau, J. E., Uhland, S. A., Moon, J., Cima, M. J., & Sachs, E. M. 1999, "Controlled cracking of multilayer 
ceramic bodies", Journal of the American Ceramic Society, vol. 82, no. 8, pp. 2080-2086.
Greenwood, R., Luckham, P. F., & Gregory, T. 1997, "The effect of diameter ratio and volume ratio on 
the viscosity of bimodal suspensions of polymer lattices", Journal of Colloid and Interface Science, 
vol. 191, no. 1, pp. 11-2!
Greenwood, R. & Kendall, K. 1998, "Acoustophoretic investigation of aqueous suspensions of three 
different spinel powders", British Ceramic Transactions, vol. 97, no. 4, pp. 174-179.
Gu, Y. & Meng, G. 1999, "A model for ceramic membrane formation by dip-coating", Journal of the 
European Ceramic Society, vol. 19, no. 11, pp. 1961-1966.
Haerle, A. G. & Haber, R. A. 1995, "Ultrasonic real-time monitoring of cake structure during slip casting", 
Journal of the American Ceramic Society, vol. 78, no. 3, pp. 819-823.
Hanson W.B. & Fernie J.A. 1993, "An overview of glass-ceramics", TWI bulletin 1 pp. 8-11.TWI Ltd, 
Cambridge, UK.
134
Horita, T., Choi, J. M., Lee, Y. K., Sakai, N., Kawada, T., Yokokawa, H., & Dokiya, M. 1995, "Reaction 
Between Calcium-Doped Lanthanum Chromite and Silica", Journal of the American Ceramic Society, 
vol. 78, no. 7, pp. 1729-1736.
Hu, M. S., Thouless, M. D., & Evans, A. G. 1988, "The Decohesion of Thin-Filmsfrom Brittle Substrates", 
Acta Metallurgica, vol. 36, no. 5, pp. 1301-1307.
Isenberg, A. 0 . 1981, "Energy conversion via solid oxide electrolyte electrochemical cells at high 
temperatures", Solid State Ionics, vol. 3-4, pp. 431-437.
Jeffreys, H. 1930, "The Draining of a Vertical Plate", Proceedings of the Cambridge Philosophical 
Society, vol. 26, p. 204.
Jia, X. & Williams, R. A. 2001, "A packing algorithm for particles of arbitrary shapes", Powder 
Technology, vol. 120, no. 3, pp. 175-186.
Jiang, S. P., Christiansen, L., Hughan, B., & Foger, K. 2001, "Effect Of Glass Sealant Materials On 
Microstructure And Performance Of Sr-Doped LaMn03 Cathodes", Journal of Materials Science Letters, 
vol. 20, no. 8, pp. 695-697.
Jodrey, W. S. & Tory, E. M. 1985, "Computer-Simulation of Close Random Packing of Equal Spheres", 
Physical Review A, vol. 32, no. 4, pp. 2347-2351.
Kawakatsu, T., Nakao, S., & Kimura, S. 1993, "Effects of size and compressibility of suspended particles 
and surface pore size of membrane on flux in crossflow filtration", Journal of Membrane Science, vol. 81, 
no. 1-2, pp. 173-190.
Keizer, K., Burggraaf, A. J., & Uhlhorn, R. J. R. 1995, "Gas separation using inorganic membranes," in 
Membrane Separations Technology: Principles and Applications, R. D. Noble & S. A. Stern, eds., 
Elsevier Science B.V., Amsterdam.
Kendall, K., Howard, A. J., & Birchall, J. D. 1983, "The Relation Between Porosity, Microstructure and 
Strength, and the Approach to Advanced Cement-Based Materials", Philosophical Transactions of the 
Royal Society of London Series A-Mathematical Physical and Engineering Sciences, vol. 310, no. 1511, 
p. 139-45.
Kendall, K., Alford, N. M., Clegg, W. J., & Birchall, J. D. 1989, "Flocculation Clustering and Weakness of 
Ceramics", Nature, vol. 339, no. 6220, pp. 130-132.
Kendall, K. 1997, "Structuring of particles in concentrated pastes: a source of defects in powder 
processed materials", Materials Science and Technology, vol. 13, no. 12, pp. 977-981.
Kim, J. & Lin, Y. S. 1998, "Sol-gel synthesis and characterization of yttria stabilized zirconia 
membranes", Journal of Membrane Science, vol. 139, no. 1, pp. 75-83.
Kim, J. & Lin, Y. S. 1999, "Synthesis and characterization of suspension-derived, porous ion-conducting 
ceramic membranes", Journal of the American Ceramic Society, vol. 82, no. 10, pp. 2641-2646.
Kim, J. H., Song, R. H., Song, K. S., Hyun, S. H., Shin, D. R., & Yokokawa, H. 2003, "Fabrication and 
characteristics of anode-supported flat-tube solid oxide fuel cell", Journal of Power Sources, vol. 122, 
no. 2, pp. 138-143.
Kocatopcu S.S. 1946, "Different Methods of slip casting", American Ceramic Society Bulletin, vol. 25, 
no. 2, pp. 51-52.
Kubler, J., Clemens, F., Aquino, E., & Graule, T. 2003, "Correlation between properties of extruded 
Zr02-rods in the green and sintered states", CIMTEC 2002.Proc. 10th International Ceramics 
Congress.Pt.A.Florence pp. 701-708.
135
Lahl, N., Bahadur, D., Singh, K., Singheiser, L., & Hilpert, K. 2002, "Chemical interactions between 
aluminosilicate base sealants and the components on the anode side of solid oxide fuel cells", Journal of 
the Electrochemical Society, vol. 149, no. 5, p. A607-A614.
Landau, L. D. & Levich, V. G. 1942, "Dragging of a Liquid by a Moving Plate", Acta Physicochimica 
U.R.S.S., vol. 17, no. 1-2, pp. 42-54.
Lange, F. F. 1989, "Powder Processing Science and Technology for Increased Reliability", Journal of 
the American Ceramic Society, vol. 72, no. 1, pp. 3-15.
Lapp, J. C. & Shelby, J. E. 1997, "Helium Permeation, Diffusion And Solubility In Sodium Galliosiiicate 
Glasses", Physics and Chemistry of Glasses, vol. 38, no. 5, pp. 256-259.
Larminie, J. & Dicks, A. 2000, Fuel Cell Systems Explained, 1st edn, John Wiley & Sons Ltd, London.
Larsen, P. H. & James, P. F. 1998, "Chemical stability of MgO/CaO/Cr20 3 -Al20 3 -B2 0 3 -phosphate 
glasses in solid oxide fuel cell environment", Journal of Materials Science, vol. 33, no. 10, 
pp. 2499-2507.
Leenaars, A. F. M. & Burggraaf, A. J. 1985, "The preparation and characterization of alumina 
membranes with ultra-fine pores : Part 2. The formation of supported membranes", Journal of Colloid 
and Interface Science, vol. 105, no. 1, pp. 27-40.
Levanen, E., Mantyla, T., Mikkola, P., & Rosenholm, J. B. 2000, "Layer buildup on two-layered porous 
substrate by dip-coating: Modeling and effect of additives on growth rate", Journal of Colloid and 
Interface Science, vol. 230, no. 1, pp. 186-194.
Levanen, E., Mantyla, T„ Mikkola, P., & Rosenholm, J. B. 2001, "Influence of Additives on Capillary 
Absorption of Aqueous Solutions into Asymmetric Porous Ceramic Substrate", Journal of Colloid and 
Interface Science, vol. 234, no. 1, pp. 28-34.
Levich, V. G. 1962, Physicochemical Hydrodynamics, 2nd edn, Englewood Cliffs;London: Prentice Hall.
Lewis, J. A. 2000, "Colloidal processing of ceramics", Journal of the American Ceramic Society, vol. 83, 
no. 10, pp. 2341-2359.
Ley, K. L., Krumpelt, M., Kumar, R., Meiser, J. H., & Bloom, J. 1996, "Glass-ceramic sealants for solid 
oxide fuel cells .1. Physical properties", Journal of Materials Research, vol. 11, no. 6, pp. 1489-1493.
Lindqvist, K. & Liden, E. 1997, "Preparation of alumina membranes by tape casting and dip coating", 
Journal of the European Ceramic Society, vol. 17, no. 2-3, pp. 359-366.
Liu, W., Chen, Y., Ye, C., & Zhang, P. 2002, "Preparation and characterisation of doped sol-gel zirconia 
films", Ceramics International, vol. 28, no. 4, pp. 349-354.
Luyten, J., Cooymans, J., Smolders, C., Vercauteren, S., Vansant, E. F., & Leysen, R. 1997, "Shaping of 
multilayer ceramic membranes by dip coating", Journal of the European Ceramic Society, vol. 17, 
no. 2-3, pp. 273-279.
Ma, J. & Lim, L. C. 2002, "Effect of particle size distribution on sintering of agglomerate-free submicron 
alumina powder compacts", Journal of the European Ceramic Society, vol. 22, no. 13, pp. 2197-2208.
McColm, I. J. & Clark N.J. 1988, Forming, shaping and working of high-performance ceramics Blackie: 
Glasgow.
McGeary, R. K. 1961, "Mechanical Packing of Spherical Particles", Journal of the American Ceramic 
Society, vol. 44, no. 10, pp. 513-522.
136
Minh, N. Q. 1993, "Ceramic Fuel-Cells", Journal of the American Ceramic Society, vol. 76, no. 3, 
pp. 563-588.
Minh, N. Q. & Takahashi, T. 1995, Science and Technology of Ceramic Fuel Cells, 2nd edn, Elsevier 
Science BV, Amsterdam.
Okubo, T., Takahashi, T., Sadakata, M., & Nagamoto, H. 1996, "Crack-free porous YSZ membrane via 
controlled synthesis of zirconia sol", Journal of Membrane Science, vol. 118, no. 2, pp. 151-157.
Pandya, V. B., Bhuniya, S., & Khilar, K. C. 1998, "Existence of a critical particle concentration in plugging 
of a packed bed", Aiche Journal, voi. 44, no. 4, pp. 978-981.
Probst, M. 1922, "Laminations in ceramic production. Pt.1", Zl lnternational.vol.52, vol. 522, no. 4, 
pp. 17-20.
Reed, J. S. 1995, Principles of ceramics processing, 2nd edn, Wiley & Sons,New York; Chichester.
Riley, D. J. & Carboneli, R. G. 1993, "Mechanisms of Particle Deposition from Ultrapure Chemicals Onto 
Semiconductor Wafers - Deposition from A Thin-Film of Drying Rinse Water", Journal of Colloid and 
Interface Science, vol. 158, no. 2, pp. 274-288.
Ruschak, K. J. 1985, "Coating flows", Annual Review of Fluid Mechanics no. 17, pp. 65-89.
Scagliotti, M., Parmigiani, F., Chiodelli, G., Magistris, A., Samoggia, G., & Lanzi, G. 1988, 
"Plasma-sprayed zirconia electrolytes", Solid State Ionics, vol. 28-30, no. Part 2, pp. 1766-1769.
Scherer, G. W. 1990, "Theory of Drying", Journal of the American Ceramic Society, vol. 73, no. 1, 
pp. 3-14.
Seminario, L., Rozas, R., Borquez, R., & Toledo, P. G. 2002, "Pore blocking and permeability reduction 
in cross-flow microfiltration", Journal of Membrane Science, vol. 209, no. 1, pp. 121-142.
Sohn, S. B., Choi, S. Y., Kim, G. H., Song, FI. S., & Kim, G. D. 2004, "Suitable glass-ceramic sealant for 
planar solid-oxide fuel cells", Journal of the American Ceramic Society, vol. 87, no. 2, pp. 254-260.
Song, R.-H., Kim, E.-Y., Shin, D. R., & Yokokawa, FI. 1999, "Fabrication And Characteristics Of 
Anode-Supported Tube For Solid Oxide Fuel Cell", S. C. Singhal & M. Dokiya, eds., Electrochemical 
Society Inc, SOFC Society of Japan, pp. 845-850.
Steele, B. C. FI. 1994, "Oxygen-Transport and Exchange in Oxide Ceramics", Journal of Power Sources, 
vol. 49, no. 1-3, pp. 1-14.
Talimadge, J. A. 1971, "Draining Films in Unsteady Withdrawal", AlChE, vol. 17, no. 3, pp. 760-76!
Tari, G. & Ferreira, J. M. F. 1998, "Influence of Solid Loading on Drying-Shrinkage Behaviour of Slip 
Cast Bodies", Journal of the European Ceramic Society, vol. 18, no. 5, pp. 487-493.
Tarleton, E. S. & Wakeman, R. J. 1993, "Understanding Flux Decline in Cross-Flow Microfiltration . !  
Effects of Particle and Pore-Size", Chemical Engineering Research & Design, vol. 71, no. A4, 
pp. 399-410.
Tietz, F., Buchkremer, hi.-P., & Stover, D. 2002, "Components manufacturing for solid oxide fuel cells", 
Solid State Ionics, vol. 152-153, pp. 373-38!
Tiller, F. M. & Tsai, C. D. 1986, "Theory of Filtration of Ceramics . !  Slip Casting", Journal of the
American Ceramic Society, vol. 69, no. 12, pp. 882-887.
Tiller, F. M., Yeh, C., & Leu, W. F. 1987, "Compressibility of particulate structures in relation to
thickening, filtration and expression - a review", Separation Science and Technology, vol. 22, p. 1037.
137
Tiller, F. M. & Hsyung, N. B. 1991, "Theory of Filtration of Ceramics .2. Slip Casting on Radial Surfaces", 
Journal of the American Ceramic Society, vol. 74, no. 1, pp. 210-218.
Tsukuda, H., Notomi, A., & Hisatome, N. 2000, "Application of plasma spraying to tubular-type solid 
oxide fuel cells production", Journal of Thermal Spray Technology, vol. 9, no. 3, pp. 364-368.
Uchikoshi, T., Sakka, Y., & Hiraga, K. 1999, "Effect of silica doping on the electrical conductivity of 3 
mol% yttria-stabilized tetragonal zirconia prepared by colloidal processing", Journal of Electroceramics, 
vol. 4, no. S1, pp. 113-120.
Uhlhorn, R. J. R,, Huis, I., V, Keizer, K., & Burggraaf, A. J. 1992, "Synthesis of ceramic membranes. Pt.
1. Synthesis of non- supported and supported gamma-alumina membranes without defects", Journal of 
Materials Science., vol. 27, no. 2, pp. 527-537.
van de Ven, T. G. M. 1998, "The capture of colloidal particles on surfaces and in porous material: basic 
principles", Colloids and Surfaces A: Physicochemical and Engineering Aspects, vol. 138, no. 2-3, 
pp. 207-216.
Van Rossum J.J. 1958, "Viscous lifting and drainage of liquids", Applied Science Research Section A, 
vol. A7, pp. 121-144.
Vrijenhoek, E. M., Hong, S., & Elimelech, M. 2001, "Influence of membrane surface properties on initial 
rate of colloidal fouling of reverse osmosis and nanofiltration membranes", Journal of Membrane 
Science , vol. 188, no. 1, pp. 115-128.
Walz, J. Y. 1998, "The effect of surface heterogeneities on colloidal forces", Advances in Colloid and 
Interface Science, vol. 74, no. 1-3, pp. 119-168.
Weber, K., Tomandl, G., Wenger, T., & Heckmann, K. 1997, "Preparation Of Structured Ceramics For 
Membranes", Key Engineering Materials, vol. 132-136, pp. 1754-1757.
Will, J., Mitterdorfer, A., Kleiniogel, C., Perednis, D., & Gauckler, L. J. 2000, "Fabrication of thin 
electrolytes for second-generation solid oxide fuel cells", Solid State Ionics, vol. 131, no. 1-2, pp. 79-96.
Xia, C., Zha, S., Yang, W., Peng, R., Peng, D., & Meng, G. 2000, "Preparation of yttria stabilized zirconia 
membranes on porous substrates by a dip-coating process", Solid State Ionics, vol. 133, no. 3-4, 
pp. 287-294.
Yamaguchi, R., Hashimoto, K., Sakata, H., Kajiwara, H., Watanabe, K., Setoguchi, T., Eguchi, K., & Arai,
H. 1993, "Fabrication Of Porous Electrode Supported SOFC By Wet Process", Solid Oxide Fuel 
Cells.Proc.3rd Int.Symp. on SOFCs, Honolulu., Vol.93-4; 16-21 th May 1993, pp. 704-713.
Yokokawa, H., Sakai, N., Kawada, T., & Dokiya, M. 1991, "Thermodynamic Analysis of Reaction Profiles 
Between LaM03 (M=Ni,Co,Mn) and Zr02", Journal of the Electrochemical Society, vol. 138, no. 9, 
pp. 2719-2727.
Zheng, R., Nie, H. W., Wang, D. Q., Lu, Z. Y., & Wen, T. L. 2004, "Si02-CaO-B20 3-AI20 3 glass ceramics 
as sealant for planar intermediate temperature solid oxide fuel cells", Journal of Inorganic Materials, 
vol. 19, no. 1, pp. 37-42.
138
